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Preface

Accurate data on the thermal conductivity of materials of construction
at low temperatures are essential in the design of cyrogenic equipment.
Such data on pure metals also have important applications in basic physics.

This Circular is issued to satisfy the need for a complete and authori-
tative compilation of the useful data on thermal conductivity at low tem-
peratures given in the widely scattered and extensive literature on the
subject. Although the Circular is not primarily a critical compilation, the
text indicates a method that might be used in choosing between conflict-
ing data.

It will be noted that there are wide unexplored regions; much experi-
mental work remains to be done. It is hoped, therefore, that this Circular
will stimulate additional measurements and indicate the areas in which
data are most needed.

A. V. AsTIN, Director.
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Thermal Conductivity of Metals and
Alloys at Low Temperatures

A Review of the Literature!

Robert L. Powell and William A. Blanpied*

An extensive compilation is given of the measured values of thermal conduc-
tivity for metals and alloys from room temperature down to approximately 0° K.
The more extensive and important data are plotted in 48 graphs. The tables and
graphs for the metallic elements and alloys are essentially complete for literature
reference from 1900 to early 1954. For comparison, several graphs and tables are

given for some representative dielectrics.

1. Introduction

1.1. Scope and Arrangement

The thermal conductivity values of three
types of solids are presented: (1) metallic ele-
ments, (2) alloys, and (3) dielectrics. Very
little discussion is presented on the qualitative
theories or significance of the various experi-
ments. Recent articles, as indicated under each
material, usually will contain comments on
these aspects of conductivity. Under “metallic
elements,” the materials are arranged by peri-
odic groups, beginning with the alkali metals.
Under “alloys,” the materials are arranged in
this same manner by major component. In
group 3, several dielectrics are included for
comparison. A list of the figures and tables is
given in section 2.1.

The professional abstract and leading re-
search journals were searched for references
dating from 1900 to the spring of 1954. It is felt
that the compilation is complete for the metals
and essentially complete for the alloys, but only
a few representative references are given for
the dielectrics. Conductivity values were col-
lected for the temperature range approximately
0° to 300° K. Many of the references contain
information for room temperature only, and
conductivity values from these are given in the
tables only.

The letters at the left end of the curves are
a code to the names of the authors. The sym-
bols at the right end of the curves indicate the
material tested. Conductivity values in the
graphs and tables are given in units of watts

1This work was supported by funds from the U. S. Atomic
Energy Commigsion.
*Present address: Yale University, New Haven, Conn.

per centimeter degree Kelvin (except for a
few, which are in milliwatts per centimeter
degree Kelvin). A table of conversion factors
is given. Arrows on the bottom of the graphs
indicate the normal boiling points of helium,
hydrogen, and nitrogen, and the melting point
of ice, respectively. A bibliography (nearly all
dated after 1900) is included at the end of the
Circular. It is shown in the tables when other
properties of the samples have been measured,
such as electrical resistance, thermal electro-
motive force, and specific heat, which are sym-
bolized by R, emf, and C,, respectively.

The units in the tables and graphs are usually
watts per centimeter degree Kelvin. These
may be converted to other systems of units by
use of the following factors:

To convert to— Multiply by—

Cal/em deg K 0.239
Btu/ft hr deg F 57.8
Btu in/ft? hr deg F 693

The preparation of this Circular required the
assistance and cooperation of many. Foremost
among them was Charles A. Meizner, who
plotted most of the graphs and analyzed some
of the original research papers. The coopera-
tion of the many authors and manufacturers
who supplied reprints of their articles and man-
uals for use in this study is acknowledged.




2. Figures and Tables

2.1. List
METALLIC ELEMENTS
) Figures | Tables
Material Number Page (page)
Aluminum__________ 3, 3a 8,9 8
Antimony__________{ 20 36 36
Beryllium___________ 2 6 6
Bismuth_____._______| 20 36 36, 37
Cadmium___________ 15, 14a 27, 26 26
Carbon (graphite)__| 17 30 30
Cerium_____________. 21 37 37
Cobalt. . ______ | 8,9 16, 17 17
Copper_ . __ . _____ 11, 11a 20,21 20,21
Gallium _ ___ _ ___| 16 29 29
Germanium_________ 18, 19a 31, 35 31
Gold.____ .. __ 13, 12a 24, 23 24
Indium . ____ .| 16 29 29
Iridium___ _______ _ 10, 10a 18,19 19
Iron________________. 89 16, 17 16
Lanthanum_________ o - 9
Lead________________ 19, 19a 34,35 34
Lithium_____________ 1 5 5
Magnesium_________ 2, 2a 6,7 6,7
Manganese_____ ___| 7 14 15
Mercury______ ._..1 15,15a 27, 28 27
Molybdenum = ______ 6, 6a 12,13 12
Nickel____________ . 89 16, 17 17
Niobium____________. 5 11 1
Paladium___________ 10, 10a 18,19 18
Platinum____________ 10, 10a 18,19 19
Potassium__________ | 1 5 5
Rhodium____________ 10, 10a 18,19 18
Silieon______________ _ — 30
Silver________.______ 12, 12a, 22, 23 22
Sodium____________ . 1 5 5
Tantalum___________ 5 11 1
Tellurium____________ 21 37 37
Thalliuom__________ . 16 29 29
Tin_________________. 18, 18a, 18b 31,32,33;, 32
Titanium____________ 4 10 10
Tungsten___________. 6, 6a 12,13 12,13
Uranium____________ 21 37 37
Vanadium__________| 5 11 11
Zine________________|] 14, 14a 25, 26 25
Zirconium._ __________ 4 10 10

ALLOYS
Material o TEEE | Tables
( Number | Page (page)
Alkali metal _____ . - 38
Aluminum__________| 22 40 39, 40,
41
Antimony _______ 1 29 54 55
Beryllium___________ .- | 38
Bismuth____________. 29, 29a 54, 55 55
Cadmium___________ 29 54 53
Chromium.__________. . - 42
Copper______________ 27, 29a 49, 55 48, 49,
50, 51
Copper-nickel_______ 28, 29a 51, 55 51, 52
Gold________________. 26 47 52,53
Indium ______________ 29, 29a 54, 55 53
Iron:
Carbon steel______. 23, 24 43, 44 42
Deoxidized steels__| 24 44 45
Silicon steels_ ___. | __ - 43
Corrosion resisting
steels________ __ 23, 24 43,44 1%, 44,
Lead_ _______________ 29, 29a 54, 55 54
Magnesium_________ 2a, 7 38, 39
Mercury____________. _ . 53
Nickel _____________. 25 46 45, 46
Palladium___________ 26 47 47
Platinum___________. 26 47 47, 48
Silver_______________ 26 47 52
Thallium____________ 29, 29a 54, 55 53
Tin______ ... 18a, b 32, 33 53
Titanium____________ 29 54 41
Tungsten___________. - _ 41
Zine_________ . ______._ - - 53
DIELECTRICS
Beryllia_____________ 32 60 60
Diamond____________ 30, 30a 57,58 57
Disordered di-
electries__________. 33, 33a 62, 63 62
Ionic crystals_______. 32, 32a 60, 61 60
Miscellaneous_______ — — 56
Quartz______________ 31, 30a 59, 58 59
Sapphire____________ 30, 30a, 32 57,58,60| 57




2.2. Metallic Elements

The variations of the thermal conductivities
of metallic elements with temperature are given
in figures 1 to 21. The main figures (those
without a or b) have the higher temperature
curves; usually the temperature range 4° to
300" K. When there is sufficient data in the
liquid-helium range, there is a supplementary
graph for the range from approximately 0- to
5 or 10° K. The graphs are arranged by peri-
odic groups, beginning with the alkali metals.
A summary table is included for each graph,
giving for each element a list of references to
research papers on the thermal conductivity of
the element. The first column contains the
chemical symbol and the property or composi-
tion identification on the curves if the data for
the author reference are plotted on the graph.

Not all the available data are plotted on
graphs. If measurements were made at only
1 or 2 temperatures, representative conductivity
values are usually given in the “Remarks” col-
umn in the corresponding table. When several
authors report values that are nearly identical,
the report that was published first is usually
represented on the graph. There are exceptions
to this when the results of a later author are
more accurate or more extensive. In most
graphs, where there are more than one curve for
a given element, the graph showing the highest
conductivity is considered most likely to be rep-
resentative of that of the pure material. The
higher values are associated with the more pure
material, adequate annealing, and large crystal
size.

In the commonly accepted theory for the
conductivity of metals, there are two mechan-
isms for the conduction of heat. In pure metals
nearly all of the energy transfer is by electrons.
In dielectrics, there is also a transport of energy

by the lattice vibrations. However, the relative
contribution of this latter mechanism is insig-
nificant except for alloys, impure metals, and
the semimetals like bismuth. The transfer of
energy by electrons is impeded by several scat-
tering mechanisms. At temperatures above
about 20° K the main scattering agent is the
metallic lattice itself. Below that temperature
the scattering due to impurity centers and lat-
tice defects becomes increasingly more impor-
tant. In the temperature range from several
degrees to about 40° K, the conductivity of a
pure metal may be expressed closely by the
equation
1/k = aT?® | BT-1.

The term «T2 is characteristic of the lattice of
the metal being investigated; the term AT-!
represents the scattering due to impurities. The
latter term is related to the residual electrical
resistance. Experimental values for « and f
are given in the tables when the authors in-
clude these values in their research reports.

Several physical and chemical properties of
the sample affect the conductivity directly. As
the purity of the material is increased, the con-
ductivity maximum rises and is shifted toward
lower temperatures. The thermal resistance
caused by impurities is not additive—small
changes in purity can cause very large changes
in the conductivity near the maximum. At
higher temperatures, however, the effect is not
as important. Cold-working and hardening re-
duce the conductivity and for that reason, other
things being equal, the annealed samples will
have a higher conductivity. For some single
crystals the conductivity depends upon the
direction of heat flow. For several metals that
are anisotropic, curves are given for various
crystal orientations.
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FIGURE 3

ALUMINUM

CONDUCTIVITY, w/cm deg K

ry 6 ) 20 40 60 80 100 200 300
TEMPERATURE, °K
ALUMINUM ALUMINUM (Cont’d)
Curve Sample source Remarks Reference Curve Sample source Remarks Reference
and analysis and analysis
.......... “Pure”.........| Low value of k=1.43 at 0°C; R...| L. Lorens A.W.S.1 | Alcoa; 99.996% | Single crystal; residual electrical | R. A. Andrews,
(1881a). ure, .001%, resistance of 1.19X10~% Rqs; R. T. Webber,
g, 0019, S, a=27X10"%, 3=7.04. and D. A,
.......... 0.5% Fe, 0.4% | k=2.01at 18°C; R, Cp..........| W, Jaeger and .0006% Fe, Spohr (1951).
Cu. H.Diesselhorst .0004%, Cu,
(1900). 0049 Na.
Lo..... .. Johnson, Mat- | Lathe turned from larger sample, | C. H. Lees A W.S.2)... do......... Single crystal, R = 1.48 X 10-? Do.
they; 999% density of 2.70. (1908). Rars; a=2.72X10°%, 3=6.06.
pure.
A.W.8.3.] Johnson, Mat- | Polycrystalline rod; residual re- Do.
.......... Commercial. ....| A=1.93 at 0°C, 1.90 at 85°K, 1.59 | R. Schott (1916). they; 99.905% sistance of 2.14 X 073 Rua;
at 21.4°K. pure; .002%, a=2.72X10"%, 3 =4.05.
) Mg, .001%
.......................... Measured the effect of torsion ou | J. E. Calthrop Si, 00059, Fe,
the thermal and electrical con- (1926). .0005% Cu,
ductivity. trace of Na.
.......... 5 samples rang- | Measured at 20° and 80°K; results | E. Griuneisen and P.8.J.....| Alcos; 99.99% | Colddrawn.....................| R. W. Powers,
ing from pure for purest samples lie just below E. Goens pure. D. Schwarts,
to technical. curve of P. S. J.; studied effect (1927); and H. L.
of grain size and crystal bound- E. Griineisen Johnston
aries. (1927). (1951).
.......... “Pure”.........| k=2.26 at 0°C, 2.55 at 89°K; R...| J. Staebler M. R.....} Johnson, Mat- | Annealed polycrystal; o=2.2X | K. Mendelssobn
(1929). they; 99.994%, 1075, 3=2.3. and H. M.
pure. Rosenberg
............. do..........| k=2.26 at 0°C, 2.56 at 80°K; also | W. Mannchen (1952a).
measured R. (1931).
........................ Polycrystalline; superconducting | K. Mendelssohn
.......... Approx. 99.7% | Two samples gave values at 0°C of | A. Eucken and state; representative values were and C. A. Ren-
pure; technic- k=2.286. H. Warrentrup .07 at 0.8°K, .015 at 0.65°K, .007 ton (1953).
ally pure. (1935). at 0.37°K.
Nooo..... Hadfield's. .. ... Brinnel hardness of 17........... J. de Nobel R, a=32X10% 3=023.......... H. M. Rosen'erg
(1951). (1954a)
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pure.

.| 8ame source;

.99% pure.

Abstract
0.21at Y
at .
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Single ; conductivity con-
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4541075, g =82,
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they; 98%
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(1952b).

H. M. Rosenberg
(1954a).
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analysis analysis
) O ..| In both normal and superconduct- | H. M. Rosenberg ~ ..........|.........c....0 k=054t 17°C................. T. Barratt and
ing states. (1954a). R. M. Winter
(1925).
.......... Fansteel, 99.9% | k=036at0°C..................| M.Cox (1943).
pure.
.......................... Measured ratio of ewdncﬁvxty in { C. V. Heer and
supercondueting and normal J. G. Dsunt
states. (1948).
............................... do....cccoiveiveeenennnn...| 3. K. Hulm
NIOB (1949).
oM M.O......| 99.95% pure....| Measured in both normal and su- | K. Mendelssohn
perconducting states. and J. L. Olsen
Curve S::fle-omee Remarks Reference (1950a).
Hu........| Hilger; 0.1% | Polycrystalline; impurities in solid | J. K. Hulm
impurities. solution; measured effect of mag- (1950).
M.O...... Hilger; “high Inbothnonmlmdm uct- | K. Mendelssohn vetic field; both normal and su-
parity”. states; studied of mag- and J. L. Olsen pereondnehng states.
nehc ﬁeld (1950m).
M.R...... Johnson, Mat- | Measured both normal and super- | K. Mendelssohn
M.R..... Johnson, Mat- | In both normal and mExeund K. Mendelssohn they; 90.98% conducting states; g =27. and H. M.
they; 99.99% ing states; up to 22°] and H. M. parity.
pure. m‘;“ (1952b).
. ceedo. ... Measured superconducting state | K. Mendelssohn
) | S Continuation to temperatures | H. M. Rosenberg below I°K. and C. A. Ren-
above 22°K. (1954s). ton (1953).
.......... 8 M.R. | Superconducting state below 1°K. .| K. Mendelssohn R.........|....do..........| Continued M. R. curve to higher | H. M. Rosenberg
ame a8 ::lg 9%3 )Ren- hl;s[ﬂlm; a=T9X10"%, 3 (1954s).
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amfamlyu'm and analysis
.......................... k=145at17°C.................| T. Barratt and Heneus k=188t0°C...................| S. Weber (1017).
R. M. Winter
1925). e, k=2at17C.................... T. Barratt and
) R. M. Winter
.......... Philipsi “very | Annealed at900°C;k~=1.44at0°C; | W. G. Kannaluik (1925).
pure’. R. (1931). i . .
.......... Osram; impure. .| Single crystal; k=1.83 at 83°K, | E. Griineisen and
.......... Gen. Elec.. .....| Annealedat220°C;k=1.32at0°C; Do. 1.80 at 21°K. E. Goens
R. (1927).
Ks........ OB By, Cd; R W. G. Kannaluik G.Go..... Philips; “very | Singlecrystal. .................. Do.
01% X (1933). pure”.
Sn, Ti, V, W;
.MI%,hCo,Cu. .......... Gen. Elec....... One sample annealed at 220°C, | W. G. Kannaluik
; trace k=1.64 at 08°C; another sample (1931).
of C. :ggxéaled at 1300°C, k=1.66 at
M.R.....| Jobuson, Mat- | q=TXI0% B=07......... K Menddbachn o Phill Sing) :?,.,.' is, only higher values | W. G. Kannaluik
; 99, and HM. = Ea....... illips. ....... ingle , only er values . G. Kannalui
. ? mbb)ers ’ ?)?ot . (1933).
) Br.H.....; Phibps.........|................. N H. Bremmer and
R........ R [ T, Continued above work to 100°K. . .| H. M. Rosenberg W. J. de Haas
(1954a). (1936).
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TEMPERATURE, °K

TUNGSTEN (Cont’d)

i

Remarks

Reference

Same as H. N.
above.

Johnson, Mat-

3 99.99%

k=166at0°C..................

At 78°, 194°, 273°K, approx. same
results as Kannaluik (1933),

Btudied effect of magnetic field and
anisotropy.

&.ﬁh crystal; residual resistance
4X107¢% Rays; measured effect
of magnetic fiekd on k and R.
Single crystals; graph results are

or » sample with rod axis par-

allel to [010] erystal axis; for an-

crystal with rod axis par-

allel to [100] axis, k =222 at
2I’K; R.

k=193 at 77°K, 1.87 at 90°K, and
1.69 at 0°C.

-

Extended the measurements to
higher magnetic fields.

Annealed; o = 10.2 X 105,
8=59.

a=9-3X107%, B=58.8...........

L. Langmuir and
J. B. Taylor
(1936).

W. C. Michela
and M. Cox
(1936).

E. Griineisen and
H. Adenstedt

(1937).

W.J.de Hass and
J. de Nobel
(1938).

E. Griineisen and

H. Adenstedt
(1938).

M. Coz (1043)

J. de Nobel
(1949).

K. Mendelssohn
and H. M.
Rasenberg
(1952b).

H. M. Rosenberg
(1954s).
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MANGANESE

Curve Sample source Remarks Reference
analynis
.......................... k=0.05 st 83°K for the 3 phase. .| H. Reddemann
(1935).
M.R...... Johnson, Mat- | Annealed; 3=1200.............. K. Mend:
they; 99.99% and H. M.
puare. Rosenberg
(1952b).
SUPPLEMENTARY DATA
Curve Remarks Refercnce

ey
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IRON TRON (Cont’'d)
Curve source Remarks Reference Curve Sample soarce Remarks Reference
e e pr e
.......... “Pure”.........| k=070 0°C.................. L'(Il?slm; cverrenan.] “Technically waphnm lggb 091“ E,é}rgnemand
). pure”. c; &‘K, oens
- . 3.01 and 0.5 at 21°K. (1927).
.......... “Pure”, .1% k=072t 18°C.................| E. Grineisen )
007&' (1900). ... “Pare”......... Electrolytic; k=0.77 at 16°C. .. .. R. Kikuchi
(1932).
03%? 02% .......... Armeo; .01% C, | k=0.7 at 0°C, 0.72 at 195°K, 0.94 | W. G. Kannmaluik
029 8. 320‘76{, Pp, at 90°K (1933).
(] )
.......... 0.1 metals | Also measured R, Cp, emf; k=0.67 | W. Jaeger and 02698, .
%0t % Teeri & O, H. Dimelhorst Ca, 02% Si.
T “Pure”......... Between 3° aod 20°K, the values | J. Kurweil and
.......... Krupp; .1% C, | Also measured R, Cp, emf; k=0.60 Do. fall just below the curve marked K. Schifer
f‘% 8, 1% | st18°C. M. (1939).
n.
.......... Hadfield; 99.- Ft:fed ; k=0.9 3t 90’K, maximum | J. de Nobel
Le....... 93. 427& pure; | Wroughtiron................... '(139'08) 93% pure. 1.3 at 52°K, 0.5 at I15°K. (1951).
Mo, 13%Z’ ) P.Z.1.....| Johnson, Mat- [-...............oooiiil R. W. Powers,
they; 99.99% J. B. Zleglet.
......................... Electrolytic; two rods with aver- | A. Eucken and pure. and H. L.
n sizes of 1X107? and K. Dittrich Johnston
l!)(l%t“'I ; k=0.94 and 0.90, (1927). (1951a).
mpecﬁvely no"Ck =1.84and
1.83 at 80°K. M.R...... Johnaon. Mat- | @=18X10%,3=95............. K. Mendelssohn
- size 3% Do. they; 99.99% andHt.)&(!.
.......... eracus......... ; average grain sise pure. Roesen
103 k=0ﬂ at 0°C and (19532b).
l.l7stm"K
i ) . SN F N a=102X10"%, O=96.......... H. M. Rosenberg
Q. Go.....| *“Double re- | Tempered; electrolytic. .......... E. Grnnenentnd (1954a).
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Curve Sample source Remarks Reference Curve S:ﬂﬂe source Remarks Reference
and analysis analysis
.......... Basse and Selve; | £=0.60 at 18°C; R, Cp, emf......| W. Jaeger and Boveeeeefoennnnnnnn.] @=105X10-5, 8=79..........] H. M. Rosenberg
impure. H.Diemse! (1954a).
(1900).
Lo........ Johnson, Mat- | Lathe turned; density 8.80........ C. H. Lees
they; 99% (1908).
pure.
.......... Herneus. ......| Drawn rod; k=0.84 at 0°C, 1.11 | A. Eucken and
at 80°K. K. Dittrich
(1927).
PSJ....lInt. Niekel; |.....coooiiiiiiiiiiiiiiinnn. R. W. Powers,
comm. pure. D. Schwarts,
;nd H L.
(1951).
.......... 99.4% .....| Forged; approx. same curve as | J. de Nobel
o pure P S. 7. from 63° to 25K at 16° | " (1951).
K, k=0.18.
M.R...... Johnson, Mat- | Annealed; r=22X10-5, 3 =4.4; | K. Mendelssohn
they; 99.997% m up to 22°K. and H. M.
3 Rosenberg
(1952b).
R........ Ldo. .l Annealed; =10.4X10"3 = | H. M. Rosenberg
4.6; meuu?ed up to 4rK. B (1954a).
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TEMPERATURE, °K
PALLADIUM RHODIUM
Curve | Sample source Remarks Reference Curve e source Remarks Reference
analywis
.......... “Chem. *...| k=0.7 at 18°C; mf.......[ W. Jaeger and e eeeaife i k=0882817°C.................] T. Bamratt and
pare B Cp.« H.Diesscihorst * R. M. Winter
(1900). (1925).
.......................... k=042 at 17'C for commercial | T. Barratt and vevvv.o...| Heraeus;*pure”. | Annealed; k=2.15 st 83°K, 23.8 | E.Grineisen and
at 17°C for R. M. Winter at 21 K, E. Goens
‘pare”. (1925). (1927).
G.Re.....| Heraeus;“pure”. | Unannealed; plotted with open | E. Griineisen and M.R...... Johnson Mat- | o=22X10°%, @=14............ K. Mendelssohn
cireles; R. H. Redde they; 99.95% and H. M
(1934). . Rosen|
(1952b)
G.Re... . 7 Y, Cold-drawn; annealed at 360°C Do.
fortwo bours; plotted withdark-f = i a=10.7X107%, B=138......... H. M. Rosenberg
ened circles; R. (1954a).
M.R...... Johnson, Mat- { Annealed; a=064X10"%, @=11..{ K. Mendelasohn
they; $0.95% and Hber:
(1952b).
.......................... a=41X10"%, B=11.7...........| H. M. Rosenberg
(1954a).
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k=078at18°C......... weravens

k=07 st 18C; R, Cp, emf.......

Drawn;
Drawn; electrically annealed
tained same resuits as
(1915) at 21° and 83°K; R.
k=296at21'K.................

k=425 at 21°K; measured effect
of magnetic field on &, R.

a=43X10"%, g=040...........

a=8XI10%, 3=035...........

i

Wh.hgc and
(1900).

W. Meissner
(1918).

E. Griineisen and
(1927).

E. Griineisen and
H. Adenstedt
(1938).

K. Mendelmohn
and H. M.

(1982b).
H. M. Roseaberg
(1954a).

k=059 at 17°C

Annealed; @ =3.6X107%, 8 =0.77.

a=46X107%, 3 =0.75
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Curve Sample source Remarks Reference Curve S:ﬂiem Remarks Reference
analysis analysis
.......... “Pure”.........| k=3at0°C.....................| L. Lorens veveeenneileeriieiiiai o] Mengured 18 samples of various | E. Griineisen and
(1881a). crystal nrnewe‘,mruri&y. and E. Goens
annealing at 21° 8°K: R. (1927).
.......................... One sample had k=3.6 at 10°C; | J. H. Gray
the second, 1.3 at 10°C. (19%e8). ... Gen. Elee....... Single crystal; between 95° and | W. G. Kannaluik
300°K, the results are close to and T. H. Laby
.......... “Pure”........ .| k=39at18°C.................. E.(‘“"m)' curve W.-1. (1928).
- k=373 38 18°C; R, w3 ) wd | anﬂ#d&u&%&;{um El(x}riine'.cnud
........................ =3, s ceneeeeen.| W, Jaeger f H .
& H. Dieselborst (1934).
(1900).
D - T O W.J.deHassand
.......... Ldo..........| km395a820°C.................| W.Bechaufel- T. Biermass
berger (1903). (1936).
.......................... “Soft drawn, high conductivity”; | C. H. Lees veeveeennifiereenaenaean.. | Studied eflect of magnetic field on| E. Gruneisen and
k=38at 3 results at 100°K (1908). k, R. H. Adenstedt
are close to the P.S.J. curve. (1938).
-------------------------- Electrolytic wires; values | W. Meissner AL Mn....| Johnson, Mat- | Machined and annealed..........| J. F. Allen and
at 21°, 91° 273° are close to {1915). they; free of E. Mendosa
the W.-1 curve. g.;.on}:‘;%u% (1947).
g, Ni, an
.......... “Very pure”. ...| Natural single crystal; results un- | R. Schott Pb. i
certain due to very small sise of (1918). P.8.J.....| Am. Brass; “O. | Oxygen-free, high conductivity....| R. W. Powers,
sample. F.H.C.” Pnd Sﬂchimrts,
.......... “Tech. " A 0 oo curve of W.3 Deo. Johnston
i et (88D,
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TEMPERATURE |, °K
SILVER SILVER (Cont'd)
Curve Sample source Remarks Reference Curve Sample source Remarks Reference
and analysis and analysis
.......................... Silver wire; k=4.02at 18°C......| J. H. Gay vevvenn...| Honig-echmid. .. Avuealed; electrolytic; £=31.4 at | E.Griineiser and
. (1895). 21°K; measured effect of mag- H. Adenstedt
netic field on k and R. (1938
.......... 99.98% pare. .. .| k=421t 18°C; also measured R, | W. Jaeger and
Cp, avd emf. H.Diesselhorst M.R...... Johnsun, Mat- | @=9.0X1075, 3=16.. ... s K. Mendelssohn
(1800). they; 99.99%, and H. M.
pure. Rosenberg
) P Johnson, Mat- { Lathe-turned from a larger rod. ...| C. H. Lees (1952a).
they; 99.9%, (1908). .
peee. } v e do.......... Measured effect of magnetic field. .| K. nhgeﬁdeﬁaohn
al - .
.......................... Two silver wires had k=4.11 and | W. G. Kanpaluik Rosenberg
404 a1 0°C. (1931). (1953).
.......... Hilger; trace of | At 90°, 195°, and 273°K values are | W. G. Kannaluik W.1-5....| Johnson, Mat- | No. 1 was unannealed; #2, an- | G. K. White
Cu, Pb, Bi, somewhat, higher than those of (1933). they; 89.999% nealed at 650°C, grain sise 0.1 (1953b).
Mg, C;, Na, Lees (1908). pure, mm; #3, eold-dnvn #4, the
Si. previous one .nneded #5 are
run of #4.
.......................... Five rods of silver, varied in com- | E. Gruneisen and
position, annealing, crysial { H. Reddemann R........ Johnson, Mat- | @=5X10"5, 3=0.3.. H. M. Rosenberg
structure. At 20° pure (1934). they. (1954a).
%h{ values close to curve
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GOLD GOLD (Cont’d)
Curve Sample source Remarks Reference Curve Sample source Remarks Reference
mdp snalysis and analysis
.......................... k=314a418°C.................[ J. H. Gray M.R......{ Johnson, Mat- | o=18X1075, B=1.15...........] K. Mendelssohn
(1895). they;99.999%, and H. M.
pure. Rosenberg
.......... “Pure”.........| k= 2 .93 at 18°C; a less pure W. Jaeger and (1952a).
ple had k=1.79 at 18°C R, Cp, H.Diesselhorst
emf. (1900). W.1,2....] Garrett, David- | No. 1 sample unannealed; #2, an- | G. K. White
Me. Mylius;99.999% | Cold-drawn;annealed............ W. Meigsner son, Matthey; nealed. (1953a).
3 (1915). 99.99%, pure
(comm.); Ag,
.......................... k=295at17°C.................| T. Barratt and trace of Pt,
R. M. Winter Fe, Pb, Cu,
(1925). So.
.......................... k=298 at 24°C................} H. Masumoto W.3,4,5..| Johnson, Mat- | No. 3 sample cold-drawn; #4, an- Do.
(1927). they; 99.9999, nealed in vacuum at 700°C for 3
.. pure; trace of hours; #5 was the fourth re-
.......................... Six samples of vanow composi- | E. Griineisen and Ag, Cu; faint drawn.
hon. annealing; R. Results for . Goens trace of Cd,
vem pure” gold at 21° and 83° (1927). Fe, Mg, Na,
K fall elose to curve W.4, Ca, Zn.
.......................... k=3.06at0°C..................]| W.G.Kannaluik veereneeee ] @=18X10°%, B=1.13...........| H. M. Kosenbe
(1931). (1954a).
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ZINC ZINC (Cont’d)
analysis analysis
.......... “Pare”.........| k=1.1a¢ 18°C; R, Cp, emf.......| W.J. and M. R.1...] Hilger;90.995% | Polycrystalline; == 21 X 10-5, | K. Mendelassohn
Co. H. Dicanelhorst pare. | B=04 & and H. M.
oo, B
Lo........ “Pure redis- | Lathe-turned from a cast stick....| C. H. Lees )
tilled”. (1908). M.R-2,3.| Imperial Smelt- | No. 2 had rod axis inclined 80° to Deo.
. . ing; 99.997%. crystal axis, o =34X
Bi. Le.. .. .| 98.993% pure...| Single crystal; also measured poly- | C.C.Bidwelland 1075, 8 =0.7; #3, inclined 13°,
crystallie samples. Emgglc‘wh: a-nlelo" B =0.6.
I&J. ewisand ... Same as M. R. | Measured effect of magnetic field. .| K. Mendelasohn
C. C. Bidwell 14,33 sod H. M.
(1928). Rasen|
(1953).
.......... Kahlbaum. .....| k=1.26 at 83°K and 1.25at 0°C...| J. Stacbler
(1929). e a=30X10"%, B=048............ H.(}lg.szl)nenbu:
G.Go... um; Single crystals each with rod axis Ecoemnd )
* ", parallel to main crystal axis. An- . Griineisen
other nﬂsle with axes perpen- (1932)
d:cuhr s conductivity 109,
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(See previous page for the table on ZINC.) CADMIUM (Cont’d)
Curve S-naple source Remarks Reference
and analysis
Go.G... ; Two single crystals, each with EGoemand
I “pure”. maiu crystal and rod axes par- E. Grineisen
CADMIUM allel. (1932).
Go.G.....|...do.......... Single with main crystal Do.
Carve S:aph source Remarks Reference L and m perpendicalar.
........ Hilger; 99.999%, | Measured effect of magnetic field. . K.‘nbgead#ohn
re. .M.
.......... “Pure..........| k=092at0°C..................| L. Lorens e Rosenberg
(1881). (1951).
............... do.........| k=093t 18°C; R, Cp, emf. ... .. W.lugermd M.R......| Hilger; Cast mglns = 140 X 1075, | K. Meundelssohn
Diemetharst 99.9909%, B8 =0. ¢ and H. M.
(1900) pure. ml;erx
| PR ““Pure redis- | Lathe-turned from s cast stick....| C. H. Lees ) ’
tilled", (1908). ...l do......... Measured effect of magnetic field. . K.mbgeﬁdeubohn
.......... Kahbeam; k=102 2t 273° and 194°K, 1.23 at | A. Eucken and Rosenberg
“pare”. 8°K. ge %e)hlhoﬂ (1853).
) Revovvesforneniiiniinn. Mazimam conductivity of 88 be- | H. M. Rosenberg
.......... Kahlbsum; Atw'mdﬂ:ﬂ(ulnuhlhm R. Schott tween 4° and 5°K; q=122X (1954a).
“chem. pure”’. below upper curve of Go. G, (1916). 104, 3=002.
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MERCURY
Curve Sample source Romarks Reference
On.Ht...].cooocvvnvnannn Lo N H. Kamerlingh
P Omnues (1914).
.......................... Measured in the liquid state and in | G. Gehlholf and
solid state near melting. F. Neameier
(1919).
Reoooveoefoninnnnaenannn, Measured ten single crﬁhl rods; | H. Reddemann
fall into four groupe. No. 1, rod (1932).
axis parallel to crystal axis; #2,
axes inv;‘h;eedtz‘ﬁ.“; #3, axes in-
elmed H axes perpen-
dicular.
|3 90 T SO PPN Measured in both normal and su- | W.J.de Haasand
perconducting states. H. Bremmer
(1936).
Hu. 1-5. . .| Basic rod (#1) | Homogeneoussolid solutions; poly- | J. K. Hulm
from Johnson, crystalline, but crystals; (1850).
Matthey; #3, | measured in ot et and )
.002% Cd; ing state.
#3, .007
Cd; #4, .1
In; #5, o
In
.......................... Measured in the intermediate state | R.T. Webber
near £'K. and D. A.
Spobr (1953).
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Curve Sample source Remarka Reference Curve Sample source Remarks Reference
and analysis al
) | U I Th of different | H. M. Rosenberg ... ..... Hilger.......... Absolute values were not deter- | W.J.de Haasand
onenhtxon. 1 a=160X (1954a). mined. H. Bremmer
1075, 3=4.7;#2, a =23X1078, (1932a).
g=0.165: #3, a=87X107%,
=222, Hu........ Johnson, Mat- | =189X10~5, 8=1.38.......... J. K. Hulm
they; 0.1% (1950).
impurity.
.......... Johnson, Mat- | Single crystal; messured conduct-| D. P. Detwiler
THALLIUM they. ivity in intermediate state. and H. A,
Fairbank
(1952s, b)
.......... Kahlbaum......} Drawn; k=0.51 at 0°C and 0.64 | A. Eucken and
MK, K. Dittrich M.R...... Johnson, Mat- | #=190X105, 8 =0.4; measured { K. Mendelssohn
(1927). they; A in both normal and supercon- and H. M.
pure. ducting state. Rosenl
.......... Johunson, Mat- | Annealed; polycrystalline; meas- | K. Mendelssohn (1952a).
: 99.99% ured effect of magnetic field. asd HM. . .......].... do.......... Measured effect of magnetic field. .| K. Mendelssohn
pure. Rosenberg and H. M.
(1963). mw;
.............. do..........| Annealed; polyerystalline; meas- | K. Mendelssohn :
ured conductivit; below 1°K; C.A ] do.......... Measured conductivity below 1I°K; | K. Mendebohn
between 0.3° 0.65°K, con- Renton between 0.2° aind 0.7°K, con- and C. A
ductivity was of formlnk—tT (1953). ductivity equation was k=25 Renton (1953)
k=0.2 at 0.62°K, 0.0015 lt X102 T3; k=019 at 0.8°K,
0.3°K. 1003 at 0.45°K.
R........ do.......... a=837X107%, B=0.1........... H. M. Rasenberg ) S a=185X10"%, 3=0.35 for nor- | H. M. Rosenberg
954a). mal state conductivity. (1954a).
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CARBON (Graphite) CARBON (Graphite) (Cont’d)
Curve wbm Remarks Reference Curve | Sample source Remarks Reference
amlysis and analysis
B. 1-3, V- | Atomic Artificial graphite rods; very ani- | R. Berman
.......................... Pu:c.ilo s “denntyd‘&ll g/emd; | T B-B.fzu ‘;_l:dh 2 o m et s re. | ™ e
(1935). lish. fer to rods with axes parallel to
s e 3o po i aeen
.......... Acheson graph- | k=1.78at 122°K, 1.72at 300°K.. .| A. P. num| er %0 rods with axes
ite. (19330;.." to the extrusion;
100, aad 1T Bt "m‘ i
.......... Carbon; k=0016a60°C.................| R. W, Powe
no‘rolm P. E.“ sises 2000, 1000, and 300 A.
coke, 30% (1939). B.4,#....| Natural graph- | Density 225 g/cm?; erystal size, De.
lamphlack. ite. 2000 A; unprimed number re-
.......... Acheson graph- | Two rods gave k=121 and 1.67 Do. mm”lﬁrﬁﬁﬁ '3'-1.:.?
ite. st 0°C. primed number, perpend.ncnhr'
.......... National Car- Fﬂa-mpkmﬂuodm R.A.Buerschaper T. W. 1, 2.1 National Car- | Densities were 1.70 g/cm3; rod | W. W. Tyler and
bom; Acheson extrusion direction, A=1.76 (1944). bon; graphite. axes were respectively perpen- A. C. Wikon
i “Q'C 2.5 at 82°K; for s second dicular and parallel to the pre- (1953).
-mpl:o with kpermd.w‘ ferred c-axes.
extrusion, k= » . .
T.W.3...| Natural graph- | Molded; density of 1.80; rod axis Do.
0°C; 1.76 st &'K. ite. perpendicular to preferred c-
.......... National Car- | k=0.06210°C,001 2t 82K ...... Do. axs.
’ T.W.4...] Lampblack..... Molded; density of 1.65; rod axis Do.
parallel to preferred c-axis.
.......................... Messured conductivities of graph- i wevereneerfiiiiiiiiaia. .| Abstract only; data not given.....| A. W. Smith
its and amorphous earbon. m l.;. Okada (1954).
.......................... Measured effect of crystal sise. . . . &(lx‘w SILICON
e Impurities of 1 | “Filament cut from a crystal palled | G. W. Hulland
X107¢ percent in {100] direction;” k=1.48 at T. H. Geballe
as shown by 0°C, 9 at 80°K, 19.5 at 30°K. (1954).
Hall effect.
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.| “High purity” .

.| 0.006 atomic %
of AL

.| Cast; higher of two Ge curves on

1. Estermann snd
J. E. Zimmes-
man (1951).
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TIN TIN (Cont’d)
Curve Sample source Remarks Reference Curve Sample source Remarks Reference
and analysis
.......... “Pure”.........  k=084at0°C..................| L. Lorens viveresenefeserariiiinis .| Measured relative change upon be- | C. V. Heer and
(1881). coming superconducting. '('i 9(‘}6)Dumt
.......... “Pure” .03% | k=061at18°C.................| W. Jneger and )
. H. Dieasell Ra. 1,2 Chempur; 99.- Smglecrylhhwlthhtngomlm A. Rademak
(1900). 9929%, pure. inclined 85° to (1949).
Lo........ Kahlbaum; Lathe-turned fromarod. ........ C.HULes .. _...... Joh Mat- | M d conductivity in the in- | D. P. Detwiler
“pure”’. (1908). ﬁ:ey 99.996%, termediate state. 3 A, Fai)rb;nk
.......................... Measured th+ relative change in | W.J. de Haas, )
conductiviiy at low tempera- oyams, = .......... Johnson, Mat- | Single crystal; the effect | K. Mendelssohn
tures, absolute values not given. aod H. Brem- H of a magnetic field; for sero field, H. M. Rosen-
mer (1931) and 99.997%. k=25.1 at 4.4°K, 19.6 at 3.0°K, berg (1953).
. J. de 18.0 at 2.4°K, in normal state.
and H. Brem-
mer (1931a). M.Ro.....|..... do......... Single crystal; uppereurvemﬁg— K. Mendeluohn
ure 18b; superconducting
Hu. 1-4. . .| Johnson, Mat- SnmPlea 1-3 were homogeneous | J. K. Hulm (1953)
they; No. 1, solid solutions; #4 was two- (1949, 1950).
99.996%, pure; H and super- M.Ro.....|..... do......... Polycrystalline; lower curve on fig- Do.
#2, .03% Hg conducting state measured. ure 18b; mpemonductmg state.
added; #3, ) . SN P do......... ¢=60x10“ 3=012........... H. M. Rosenberg
.3%#4'4:{17- (1954s).
ng'addedl ° Gd.15....| No. 1 and 2, | Polycrystalline; crystal sizes about | B. B. Goodman
“u pure”’; 1 t0 3 mm; cast in glass. (1853).
#3, 0.3% In;
and 5,3%




TIN
FIGURE

18b

=
t

¥
T

T
=== =t
NORMAL STATE

~ —=SUPER CONDUCTING
STATE

Hu

-ttt —

-+

7t
L

s
¥
+
i
v
4t

150

==
|=
E

T
T

T
T

¢

JANF,

.
$

o~
m O ®w v ¢

X Bap wa/mw’s LIAILONANOD

Gd

TEMPERATURE ,°K




20 33 H b S 1 F118
; it T il R
R L e i L i
sa FE+ - 1 HIFH —
HRa FFHIBIALIT LITTHET
i FHHTTHBEHE 1} LEAD IRREREE:
FE PR L i
10 LH ST FIGURE 19 E¥H
8 = T”’f 3 23 H 313318 STERE - :
7 = _ = 551 2
[ =3 7~ & 2 ,“J 3
E EESz:)
5 H E RN BRI s ES=S=s
o 4 FYTTT Fi T {] :N ::,‘ " HH 2 HA
3 fAg £ LT H Hi H
E 3 E : - + F =g
o SEass sailic
2 ]
= +HH Tt
- t
> T
£ £33 54t
S SSEgss
ol i +
W i e H
a
P4 —+ 1
g 2 iSRS
8 s s s 5
7
6 Bile
5 = ==
~—————NORMAL Me. SR se
& E E2s: }
SUPtR CONDUCT! B!
STATE HE
3 T
AT A A4
2 1 1} i Y
4 6 8 10 20 40 80 100 200 300
TEMPERATURE ,K
LEAD LEAD (Cont’d)
Curve Sample source Remarks Reference Curve Sample source Remarks Reference
and and analysis
.......... “Pure”.........} k=035at0°C..................| L. Lorens H.Ras.....| Hilger..........| Meited under vacuum; single crys- | W. J. de Haas
(1881). tal; in both normal supet- and H. Rade-
conducting states. makers (1940).
............... do.........|k=0358418°C.................| W. Jneger and
H.Diesselhorst Ba........|..... do......... Twosinglecrystals. ............. A. Rademakers
(1900). (1949).
.......................... k=035 at 25°C, 0.45 at 90°K. ... .| P. Macchia M.O......| 002% Bi.......| In both normal and superconduct- | K. Mendelssohn
(1907). ing states. ?lnd%ge)lh Oleen
Lo....... Bazendale; Lathe-tarned from a ber. . ....... C. H. Lees )
“pure”. aees). ) Swﬁe:l::lducﬁvity in intermedi- l'lrﬂ IYA.S
Me........ Kahlbsum; 99.- | Cold-drawn..................... W. Meimner * ) (1951). pobe
998%, pure. 1015). . b o
.......... Eablbaum; | Resultaagree with Meimner (1915). | R.Schott 1916). M- Boo-o| Tafegac, 99.- | Single enystal, measured in both | & Mendclmohn
pare . states; nor?arecurve gives Rosenberg
.......................... k=038 a 1°C, 0.36 a4 23°C.......| T. Pecaaleki a-SXI0, B-010; tame | (1952b).
(1917). mme_n points marked by
Bile...Joooovei o C. C. Bidwell _ circles.
il O Ra | Single erymtal................... J. L. Olmen sud
C. A. Renton
.......................... Meuprﬁgd relative temperature utliieﬂsnu (1952).
varon. mer (13, eeeeeeenns Tadensc.... ... Measared efict of maguetic fld...| K. Mendelmohn
BrE. . ...l Measured in both normal and su- | H. Bremmer and Rosenberg
perconducting atates. Yoa{s de Haas (1953).
ase. Same a3 M.R...| k=25 at 3.1°K, 28 at 2.7°K; coo- | H. M.
---------- Hilger;99.999%, | Measured chanves in conductivity | K. Mendelssohn tinustion of work of Mendels- |  (1954a).
pure. during superconducting tranm- R.B. sohn, Rosenberg (1852h);
300, Pontius (1937 ; a=290X10"5, 3=0.10.
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(For GERMANTIUM, see the table under figure 18, page 31.)
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TEMPERATURE |, °K

BISMUTH

ANTIMONY

Reference

L. Lorens
(1881).

H. Diesselhorst
(1900).

E. Giebe (1903).

W. Jaeger and

F. Neumeie.

(1913a).
G. Gehlhoff and

F. Neumeier

(1913b).
W.C.
ad J. K.
Roberta
(1923)

Q. Neymann

A. Eucken and
(1924).

. Higgins

F.
(1929).

W.

k=0074at0°C.................

k=0.081 at 18°C; R, Cp, emf.

close to Rodine’s upper curve.
Drawn; at 83°, 194°, and 273°K re- | G. Gehlhoff _and

sults are close to Rodine’s upper

curve.
Measured pressed powders; k

0.21 at 83°K, 0.08 at 0°C.

Measured effect of grain sise. . .. ..

Measured effect of magnetic field | G. W.C.Kayeand
on conductivity insingle crystals. i

and analysis

.| At 87°, 194°, and 291°K results arc

“pure”.,
do

% Pb, trace | Single crystals, measured anistropy .

Fe.

Curve Sample source

Reference

L. Lorenx
(1881).

o “Pure”.........

G, Gehlhoff

(1912).

A. Eucken and
G Gehlkoff and

F. Neumeier
(1913a).

0. Neumann

(1924).

.| 0

(1947).

H. M. Rosenberg

(1954a).

Remarks

Colddrawn.....................

conductivity close to the Gh.

Ne. curve.
Measured effect of magnetic field | K. Rausch

Measured effect of grain sise; sam- | A. Bucken and
ple with largest grains had a

on k and R for single and poly-
crystalline rods; at 80° and 90°K
results agree with those of Gh.

Ne. curve.

and analysis

| k=019at0°C..................

Kahlbaum.... ..

“chem. pure”.

Kahibaum;
l‘pml'.

Curve Sample source

E.Gh.....

.| Kahlbaum;
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Curve Sample source Remarks Reference Curve Sample source Remarks Reference
and analysis and analysis
Re........ H Rod axis inclined 80° to crystal | H. Reddemann Ca........ 99.999%, pure. . . No 1, a single crystal with rod | C. H. Cartwright
“pure” axis; studied effect of magnetic (1934). op 1 to main crystal axis; (1933).
field; R. #2 and #3mpoly e;
also measured R, emf.
) 7 Y . Mmured two single crystals, one | M. T. Rodine
rod axis parallel to tngom! (1934). -
crystll axis, one perpendicular.
H.C.1,2, | Hilger;99.995% Suﬁ;:emu No. 1, rod axis par- | W.J.de Hassand CERIUM
3. pure, trace of s crystal axis; #2, P‘Ig 3}:‘ Cg)pel
silver. axis parallel axis; . b). _ o
#3 axis parallel to bissect - SO N k=T/900 from 4" 0 20°K.. ... ... H.ado.s&)nmberg
rix of binary axes.
.......................... At 83° and 90°K results are close to | E. Griineisen and
the ones above; measured effect Gielessen
of magnetic field on k and R. (1936). URANIUM
H.Ge.C...| Hilger; .002 8i cryshl rod axis parallel to | W.J. de Haas,
IBV!!. % m axis; mwured ef- | A. N. Gerrit- TW.W. .o Quenched; also measured R, emf..| W. W. Tyler,
Pb. l‘eet o( magnetic field s&n, l:n%ape . :nd % ghhon,
(1936). Wolga (1952).
.......................... Measured k between 2.3° and | S. Shalyt (1947). M.R......] Assoc. Elec. Ind | a@=750%10"¢%, 3=95...... ....| K. Mendelsschn
774°K. . Lab. H. M
.......................... Measured effect of magnetic field. .| E KGr%:enei, (1952b).
. Rausc
and K. Weiss ) | S P do......... a=T90X10"%, B=93........... H. M. Rosenberg
(1950). (1954s).
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2.3 Alloys and Commercial Metals

The values for conductivities of experimental
and commercial alloys are given in figures 22
through 29a and in the following tables, arranged
according to periodic group of the major com-
ponent. In several instances a particularly large
class of alloys has been separately presented,
i. e., copper-nickel alloys. Many of the experi-
mental results are for a limited temperature
range, so more of the data are presented in
tables than in sec*’on 2.2 on metals. This sec-
tion is also not as complete as section 2.2 be-
cause many of the data were published in now
unavailable journals or institute reports. As for
the preceding tables the following tables con-
tain columns indicating the curve identifying
marks, composition, conductivity, remarks, and
reference. In addition, they occasionally con-
tain information on trade designation or sym-

bols and manufacturing tempers. The names or
numbers and the arrangement within a group
are based upon the corresponding arrangements
in Metals Handbook.! The composition limits
for many of the alloys are also taken from the
Metals Handbook. The tables listed below,
which quote “company or trade manuals”, are
all based on room-temperature values.

In pure metals the greater part of the energy
transfer is by electrons, whereas in alloys the
transfer by the lattice vibration is very signifi-
cant and may be the predominant mode. For
that reason the conductivity is not as sensitive
to small differences in composition as it is in
nearly pure metals. It will be noted in the fol-
lowing graphs that the conductivity curves of
alloys with similar compositions are usually
parallel to each other and seldom intersect.

1Metals Handbook, 1948 ed., Am. Soc. for Metals, Cleveland, Ohio.

ALKALI METAL ALLOYS

MAGNESIUM ALIOYS (Cont'd)

Nominal B Nominal
com(%lﬁﬂl Conductivity and remarks Reference Com(p?iﬁon Conductivity and Remarks Reference
w/cm deg K w/cm deg K
Sodium-potassiam; | k=0.29 at —8.9°C, 0.30 at —10.6°C....... J. W. Hornbeck 15Ce. ... ... k=154 at 273°K, 1.51 at 87°K;; chill-cast...| W. Mannchen
50-30 by atomic (1913). (1931).
Ppercent.
20Cu,38i......... k=1.08 at 273°K, 0.89 at 87°K;; chill-cast. .. Do.
BERYLLIUM 234Ag............. k=131at25°C........................ R.(lKgigzu)t.:hi
Commerialy pur; | S e 3, unde “Mealic lonens”...| E. J. Lawi 60Ag............. k=118a827C%...... .............. Do.
ooyllim Co. of (1929). 21AL............ k=088a627°C ..o Da.
Copper-beryllium | See “Copper Alloya”. ... .............. 42AL............. E=0698822°C2 ... Do.
62Al............. k=0568422°C2..............cn0n0nnnn Do.
MAGNESIUM ALLOYS 82AlL............. k=051at18°C2......... .............. Do.
103 Al....... e | k=0452819°C2... .. ...l Do.
05 Moo k=180t TTE, LIARETE ... ¥ ?1"5?&%’)‘.e 122A........... k=039t 23°C . oo Do.
08Mn............ k=158 at 273°K, 1.22at 87°K 4. ......... Do. 24Cu............. k=130at20°C°2. ... ... Do.
2Mo.............. k=118 273°K, 0.87 st ST’K't. ... ... Do. 63Cu............. k=131at24°C2........................ Do.
354Mn........... k=102t 273°K, 057 at ST’K *.......... Do. 19Ni............. k=136at20°Ct........................ Do.
6AL.............. k=0.80 at 273°K, 0.50at 87°K 1. ......... Do. 58Ni............. k=120at24°C2...............cooiian Do.
8AL ............. k=065 at 273°K, 0.42at ST°K 1. .. ....... Do. 2280............. k=106at21°Cs........................ Do.
12AL............. k=059 2t 273°K, 0.33at STK 1. ... ..... Do. 648n............. k=074at22°C2....................... Do.
078k .....ceeen... k=1482t 273°K, 1.10at 877K 1. . ... ..... Do. 21Zn............. k=126at26°2. ... ... ................ Do.
158l k=140 at 273°K, 085 at 87°K 1. .. ....... Do. 61Zn............. k=100at26°C2........................ Do.
8Ce.....ccovnen... k=125 24 273K, 1.06 at 87°K 1. ......... Do. 47Zn,05Cu........ “Elektron” k=1.14at 26°C2............. Do.
12Ce.............. k=103 2t 273°K, 081 at 87°K 1. ......... Do. 4AL,12n,1Cd,18n.| k=056at22°C*........... e Do.
8Cu............... k=125t 273°K, 0.88at 87K 1. ......... Do. 6 Al 3%Zn,04 Cu...| “Dow metal” k=0.61at 29°C*........... Do.
8Z0.............. k=118 275K, 0.80 at 87K 1. .. ....... Do. 4 AL 05 7, 2Cd, | k=083a822°C........iunnnnan..., Do.
B k=l B 3T L0 BTE . ..o Do. 4A1,3C4, 150....) k=089a422°C L. .o.ooee .. Do.
PG OAL.. k=0.00 a8 215K, 0ABA BT 1. .......... De. 4AL2Cd,28n....| k=0888430°C°%.............cceoo.... Do.
28i,8Al.......... k=001 2t 273°K, 0.38at 8T°K 1. .. ....... Do.
28, 10Al......... k=055 2L 275°K, 029 st 67K 1. ......... Do. * Vacuum-annealed.
28,12A1......... k=054 2t 273°K, 0282t 87°K 1. ......... Do.
1 Chill-cast; also measured R.




MAGNESIUM ALLOYS (Cont'd)
OOMPANY AND TRADE MANUALS

ASTM i Nominal
designation Trade designationa comz);-;tion Conductivity
(")
w/cm deg K
AB.......... A; Maslo AM 241; Brit-| 8 AL, 0.2 Mn. .. 0.75
ish DTD £9A, DTD 289, Elek-
tron A8, Elektron ASK.
Al0......... Dowmetal G; Maslo AM 240; AM- { 10 Al, 0.1 Mn.. T
CWShB ritish DTD 259; Elek-
AMBOA. . . . i SeeA8.......[.............
. AMI10OA.. . . ..o e See A0, .. . |............
AZ 31X, A, B.| Dowmetal FS-1; Mazlo AM-C52S; | 3 Al 120,03 R
Whitelight F‘S—l British DTD Ma.
120A; Elektron AZ 31,
AZS1X..... Dowmetal J8-1................... 5Ahli.lZn,0.26 .88
n.
AZ61 X, A, B.| Dowmetal J-1; Maslo AM-C578; | 6 Al 1 Zn, 0.2 .80
Whitelight J-l British DTD 88B, Mn.
DTD 1204, DTD 259; Elektron
AZM.
AZG3,A. ... Dowmetal H; Maslo AM 265; Brit- | 6 Al, 3 Zn, 0.2 78
ish DTD 59A, DTD 289; Elek- Mn.
tron AZG.
AZ 80 X, A...| Dowmetal 0-1; Maslo AM-C58S; | 8.5 AIMO.IE Zn, 75
W!ntehghto-l British DTD 88B; .15 Mn.
Elektron AZ 855.
AZ91A,B,C.| Dowmetal R, RC;Maslo AM 263; | 9AL,0.7Zn,0.2 a1
?lriﬁsh DTD 136A; Elektron AZ Mn.
AZ 92, A.. ... Dowmetal C; Maslo AM 260. ...... 9 .:‘l 2 Zn, 0.1 a
n.
M1AB..... Dowmetal M; Maslo AM403, AM | 1.5Mn........ 1.26
38; Whitelight M; Britah DTD
142,118, 1 A Elektron AM 503,
............. MasloAM244...................| 4AL,02Ma... 0.96
............. Dowmetal EK 30A...............| 3 rare earths, 27
0.36 Zr, 0.3
Zn.
ALUMINUM ALLOYS
Composition (%) Conductivity and remarks Reference
w/em deg K
05Fe,04Cu............... k=201 a818°C............... W. Jaeger and
H. Diesselhorst
(1900).
Commercial. ................ k=1932a40°C, 1.90 at 85°K, 1.59 | R. Schott (1916).
at 21.4°K.
Composition (%) ! Conductivity ! State 1
w/em deg K
122 Cu, 0.3 8, 0.6 Fes....... 124, . e Cast.
148, e
122Cu, 028,00 Fe, 1 Mn2 .| 093.......................... Cast.
133, e Annesled.
10.5 Cu, 0.3 8i, 0.8 Fe, 1 Ni, | 1.35.............coooeniinnen. Cast.
38nz. & b N Annesled.
8.4Cx,0.38i,0.7 Fe,0.7Mn 2_.
81Cu, 048i,08Fes........
8.9Cua, 035,07 Fe,1.28n 2. . !

ALUMINUM ALLOYS (Cont’d) -

Composition (%) ! Conductivity } State !

5.3 Cy, 0.5 8i, 0.8 Fe, 0.5 Mn,
1.2 Mg.?
4.3 Cu, 0.4 8, 0.9 Fe, 0.6 Mn,
0.4 Mg.?

2.5 Cu, 0.4 Si, 0.9 Fe, 1.8 Nj,
0.9 Mg.?

4.4 Cy, 0.5 Sj, 0.7 Fe, 2.1 Ni,
0.9 Mg.?

3.8 Cu, 6.1 8i, 0.9 Fe, 0.6 Mn,
1.6 Mg.s

2.7Cu,0.48i,06Fe, 1202n 2| 1.32.......................... Cast.
133, i Annealed.

26Cy,048),08Fe,2032n2.| 1.07...................c..... Cast.
.......................... Annealed.

2.5 Cu, 0.3 Si, 0.8 Fe, 0.5 Mn,
2.6 Zn3

19 Cu, 0.1 8i,1Fe, 1.5 Mg 3. .

1.8 Cu, 0.4 85,09 Fe, 09 Cr 2.,

B: B® 28 &3 2%

1.8 Cu, 0.3 8i, 0.6 Fe, 1 Ni, 1.6
Mg.2

1198, 08Fe..., ......... 131
178,

0.18,06Fet............... 1.86

2.00

81Cu, 0.4 8i, 0.6 Fe?........ 1.33

132

5.3 Cu, 0.5 8i, 0.8 Fe, 0.5 Mn, | 1.23

1.2 Mg3 123

25 Cu, 0.4 Bi, 0.9 Fe, 1.8 Ni, | 1.38
0.9 Mg: 133..

3.8 Cu, 6.1 8i, 0.9 Fe, 0.6 Mn, | 1.16

1.6 Mg 1.14

2.6 Cu, 0.4 5, 0.6 Fe, 203 Zn 3.| 0.98

0.98

2.5 Cg, 0.3 8i, 0.9 Fe, 0.5 Mo, | 1.32
2.6 Zn.?

1.9Cu, 0.18i,1Fe, 1.5 Mg?...| 1.59
1.8 Cu, 0.3 Si, 0.8 Fe, 1.0 Ni, { 1.45
1.6 Mg.3

53Cu, 058i,08Fe,05Mn, | 1.36.......................... Drawn.
1.2 Mg.¢ 160, .. e Anpealed.

43Cu, 045,09 Fe, 0.4 Mn, | 148. ... ................... Drawn.
0.6 Mg.¢ b I £ Anpealed.

1198, 08Fes.............. b B TN Drawn.
. Annealed.

0.1 8i, 0.5 Fe ¢

lRemlhbyH Masumoto (1925) at 27°C.
Thenmp!eswmehﬂlmtmmmmdd.thenmnubdfawmnuh:twc
in an iron mold, annesled, then heated for 30 minutes at about 500°C,

quenchedmm andlntungedtvovee
4 Chill-cast in an iron mold, fo.ged, then cold-drawn to 809, of original diameter,

and later annealed for 30 minutes at 500°C.
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TEMPERATURE ,°K
ALUMINUM ALLOYS (Cont'd) ALUMINUM ALLOYS (Cont’d)
Nominal composition (%) Conductivity and remarks Reference Curve Composition (%) Remarks Reference
w/cm deg K N.“Dural”.. .| 0.57 Mg, 0.42 Fe, 4.10 Cu, | As shlnpod. "Dur- J. de Nobel
94.0 AL aluminium”. (1951).
8Cu....eiiiiiiiiii k=1.32at 273°K; 0.88 at 87°K. . .| W. Mannchen
P.2.3.361...] 020 Cu, 0.56 M& Og lgl_, .................... B..JW.BPo;_er?
k=13134 273K; 0.90 st 57K. . 0.5 1. 0305, 0.01 YDy Lesler,
k=184 273°K; S0 8TK.... i
ke =1.0024 27°K; 734 7K. ... P.2.J48.....| 0.16 Cu, 1.02 Mg, 120Mn, |.................... Do.
k=105 at 273°K; 77 at 8T°K; 0.52Fe,013§| 0.02 Cr,
thermally treated. 0.02
k=077 24 13°K; S8t 57K ... P.2.J-758...| 15Cu, 5570, 25Mg, 02 |.................... Do.
k=0.69 at m; 44 st 8TK; Mp, 0.3 Cr.
P.Z.0.-243...1 4490Cu,001Zn, 147TMg, |...........ccc...... Do.
208, ... k=159 at 273' 1.21 st 8TK; 0.66 Mn, 0.34 Fe, 0.13
“Alasil”, 8i, 0.01 Cr, 0.02 T5.
4Cu, 2Ni, 1.5 Mg; “Y" Alloy” .| k=1.62at273°K; 1.12a¢ 87°K.. ...
Do.oooiiivnninin,

Mg, Mn, 8b; K-8 Alloy 245. . ..
Mn, Mg, 8b; K-8 Alloy 260. ...
Mn, Mg, 8b; K-8 Alloy Special.
Cul.oldn. Mg; Nelson-Kolben

k=153 st 273°K; 1.38 at 87°K;
thermally treated.

k=107t 273°K; 1.00a¢ 87K ..
k=1.003t273°K; 080 at 87°K . . .
k=139at 273°K; 1.14at 87K . ..
k=100t 273°K; 1.32a4 87K ... .

k=1433¢273°K; 1.18at 87K ..
k=159t 373°K; 1.30at 87°K. ..
k=1.60at273°K; 0.80 st 87°K . ..

YPFY YPFPY YP ¥ FP FPPPE




ALUMINUM ALLOYS (Cont'd) ALUMINUM ALLOYS (Cont'd)

COMPANY AND TRADE MANUALS COMPANY AND TRADE MANUALS
ASTM o Nominal . ASTM Nominal
dazgm- Trade designat positions (%) | Conductivity | State designa- Trade designation compositions (%) | Conductivity | State
on tion
w/cm deg K w/em deg K
e BC. ..ooovvinnn. 9048 AL........... 2.34 Annealed, scar... | A2 12 i, 2.5 Ni, 1.2 Mg, 117
A2l 98; British BS 2L, 09'Al ...l X S 08 Ca, "B T 861
218 H1I8 D132............... 9 sa,8 35 Cu, 0.8 Mg, 1.09 TS
0.8 Ni.
......... 138.................] 10Cu, 48i 03 Mg.. 1.05
WROUGHT ALLOYS CN21...) M2 .............. 4Cu, 2N), 1.5Mg.. 1.67 T21
1.34 T 571
s |
. 1
ML..... B 12Ma 9 c1..... 195, 45Cu............. 138 | T4
159 H 14 . 1.47 T 62
158 H1s CS4..... B19S............... 45Cy, 258 138 T4
......... 4. 12Mo Mg 163 0 212 8 14240183 | T§
1.63 H38 e L RN Cu, 1.2 8i 117
CP21....| 118; British BS6L1.. | 55Cu,05Pb,05Bi.| 155 | T3 Gr...... 214; British DTD 165. 3.8 138
CS 41....{ 14S; British DTD 364.| 4.4Cu,0.88i,0.8Mn, 193 0 1.38
Mg_ i'g"’; $48 --------- of }.3;
CM 21...{ 178; British BS 6L1...| 4 Cu, 0.5 Mg, 0.5 Mn. 172 0 e 1.42
1.21 T4 e 8 }X 0.96
......... Aws. . | 25C,03Me. ... 135 [T4 sog | B8 MO MR 58
......... 185; British BS 4125, 4Cu, 3N, 05Mg. | 193 0 | 89l ) 880,35 o | 118
BS 2L42. 1.55 Tl eeeeeees 333 985,38Cu......... 1.05 F
......... B18S...............| 4Cy, 1.5 Mg, 20Ni. }.gg %72 i‘;’_ll H
. Briti : 1.42 T7
CG2L....| 245 British BS2L40, | 43 Cu, 15 Mg, 06 | 188 1 O SC21....[388................ 55,13Ce,05Mg..| 167 | Tm
......... 258.................] 45 Cu, 0.8 Mn, 0.8 1.85 T8 1.42 Te
Si. 193 0 147 T 61
......... 328.................| 1258, 1.0 Mg, 09 1.55 0 1.63 T7
Cu, 0.9 Ni. 138 T G ) 1.51 Chill T 8
......... 80S................{12Mg........... . 1.93 0 1.....]386. ................|78i,03Mg........ }g; }‘31
1.93 H38 .
......... C50S............... 13Mg............. 1.55 1.59 T7
......... AS1S..............| 108 0.6 Mg, 0.25 2.09 0 ] 1.63 Chill Té
: 1.72 T4 9.5.81 ....... 1.13 to 1.47
GR1..... 5. 2.5 Mg, 025Cr..... 1.38 0 -t 981, 3.5 Cu --| 096 to 1.09
1.38 H 38 12 SI, 38 CI.L .. 0.96
1.3C Mg, 0.7 Si, 0.25 1.}; % . 6«"Cfn» 0.7 Mg, 0.5 96 .
T, 1. 3
......... 56S; British DTD 303. 5.2CM.;, 0.1 Mn, 0.1 1.(1); gls 6~5M§n. 0.5 Cu, 0.4 1.59
r. 14 . .
CS21....06818................. 1Mg, 0.6 5i,0.25 Cu, 172 0 6.5 5n, 1 Cy, 1.0Ni... 180
025 Cr. 1.55 T4
......... 628.................] 0.25Cu,0.6Si,1Mg. igg ¥4
........ 638.................| 04Cu, 07 Mg...... ;333 “2 TITANIUM ALLOYS
2G42....] 8. 5.5 Zn, 2.5 Mg, 1.5 121 T6 -
Cu,0.3Cr,0.2 Mn. Cutve Composition (%) Conductivity and Remarks Reference
......... R30L...............} 1Mg, 0.7 8i,0.5Mn.. 193 0
121 T4 .
1.55 T6 w/cm deg K
......... R317...............] 4Cu,0.5Mn,0.5Mg, 172 0
Pb, 0.5 Bi. 121 L 28Cr1Fe........... Abstract only; k=0.13 at | C.J. Rigney and
273°K, 0.10 at 195°K, 0.06 | L. I. Bockstahler
at 80°K. (1951).
CASTING ALLOYS Fig. 20; | Rem-Cra Titanium, RC | R, emf.................... W. W. Tyler and
T.W.. |~ 130-B; 4.7 Mn, 3.99 A. C. Wikson
85....... Beoeooeoeenn 128 155121 |.......... Ti. AL 014 C. (1952).
S4...... 3. 5Si...oiiiiit 147 |
sC2 85 58i,4 Cu 17 Auncated
....................... 0, .
......... 108..........ceve..| 400, 380 ......... 1.21 Cast. TUNGSTEN
147 Annealed
8C8..... Allcast.............. 58,3Cu.......... 1.05 Cast. Composition Conductivity and remarks ricference
117 Relieved
113 Aged.
1.38 T7 w/em deg K
8C1..... Al08................ 658i,45Cu....... 142 ...l “Impure”........ Single crystal; k=1.83 at 83°K, 1.80 at 21°K. .| E. Griineisen and
......... Mm.......ooee..f7Cu, 17 20........ 147 E. Goens
1.47 Annealed (1927).
C822....{H13................. 7Cy, 28, 1.7 2n. ... 7
1.47 Annealed.
CS22....lCM3................ 7Cu,358i......... 109 |
CG1..... 2. 10Cu, 02 Mg, ... . 159 T2
{.332 T 61

141




CHROMIUM
OOMPANY AND TRADE MANUAILS

Composition Coanductivity
w/cm deg K
Commercial. . .. .. k=0.67 at 20°C.
JRON

See figures 8 and 9 under “METALLIC ELEMENTS"”

STEELS

The tables for steels are arranged into groups where
the principal alloying metals are as follows: carbon;
silicon; copper, chromium, cobalt, manganese, molyb-
denum, nickel, tungsten, vanadium; and aluminum.

CARBON STEELS

Composition (%) Conductivity and remarks Reference
w/cm deg K
01C............. k=0.67 at 18°C; wrought iron............. W. Jaeger and
* o8 H. Dicamelhorst
(1900).
1C....L k=045 at 18°C, wroughtiron............. Do.
0.1C,0.06Mn,005 | k=0.72at18°C..............ccoevinnnn, E. Griineisen
Cu, 0.02 8i, 8, (1900).
003 P,
057 C,028, 01| k=052at18C..............ccevvennnnn. Do.
Mn, 0.04 8, 0.03
Cua, 0.01 P.
099C,0.1 M%&N k=051at18C................oal Do.
8,0.038,
15C,02Mn, 005 | k=050at18°C.................cennnnnl, Do.
8i, 0.03 Cu, 8,
001 P.
1 C; “silver steel”. .| See Gigure 23, curve withinitial L. .......... C.(%olsa)es

CARBON STEELS (Cont’'d)

Composition (%)! Cooductivity ! State!
w/em deg K

0.1C, 04 Mn 003P,0038............. 0.60
04 C 03 5,04 Mo, 002 P, 0028, ...... 44
0.7 C, 03 &, 02 Mn, 0.03 P, 0.02 8. . 45
09 C, 03 8, 02 Mn, 0.03 P, 0.02 8 4
1.0C, 03 &, 0.2 Mn, 0.03 P, 002 8. a
1.2 C, 0.3 &, 0.3 Mn, 0.03 P, 0.03 S.. 10
15C 3s,o.zuni‘o.on.o.ozs.. 39
2.41 0, 0.12 'S, 0.05 Mn, 0.04 P, 0. g

33

33

CARBON STEELS (Cont'd)

Composition (%) * Cooductivity! State?
w/cm deg K
2.53 C, 0.05 8i, 0.02 Mn, 0.01 P,0.038.... .31 As cast.
2.67 C, 0.11 8i, 0.02 Mn, 0.03 P, 0.058. ... 30 Do.
32 1,000°C annesled, 2 hr.
32 8 hr.
32 8 hr.
3.12 C, 0.06 Si, 0.05 Mn, 0.02 P, 0.06 8 26 As cast.
3.14 C, 0.01 Si, 0.03 Mn, 0.02 P, 0.03 8 26 Do.
3.17 C, 0.21 Si, 0.08 Ma, 0.04 P, 0.06 S 25 Do.
26 Annealed 1,000°C, 2 br.
26 6 hr.
27 8 hr.
3.53 C, 0.04 Si, 0.05 Mn, 0.01 P, 0.05 8. .. 23 As cast.
3.84 C, 0.16 Si, 0.04 Mn, 002 P,0.02 8. .. 21 Do.
23 Annealed 1,000°C, 2 hr.
23 6 hr.
23 8 hr.
3.93 C, 0.15 8i, 0.04 Mn, 002 P, 0.058. ... 20 As cast.
3.96 C, 0.2 Si, 0.06 Mn, 0.01 P, 0.028. . ... 18 As
21 Anpealed 1,000°C, 2 hr.
26 6 hr.
i 50 8 hr.
4.13 C, 0.10 8, 0.03 Mn, 0.02 P, 0.02S. ... a8 As cast.
i 2 Angealed 1,000°C, 2 br.
4.26 C, 0.10 Sj, 0.03 Mn, 0.02 P, 002 8. ... A7 cast.
_ 19 Annealed 1,000°C, 2 br.
4.35 C, 0.35 8i, 0.08 Mn, 0.02 P, 002 8. ... .15 As cast.
i 57 Annealed 1,000°C, 2 br.
4.40 C, 0.34 8, 0.03 M, 0.02 P, 0.088. ... 18 As cast.
X 17 Annealed 1,000°C, 3 br.
4.61 C, 0.37 Si, 0.03 Mn, 0.02 P, 0.04 S, ... 13 As
) 15 Annesled 1,000°C, 2 br
4.63 C, 0.54 8i, 0.08 Mn, 0.02 P, 0078. ... 13
} 56 Ancealed 1,000°C, 2 br.
3.82 C, 1.24 §i, 0.09 M, 0.01 P, 0.06 S, ... 13 As cast.
) 20 Annealed 800°C, 1 hr.
3.81 C, 1.96 8i, 0.05 Mn, 0.058........... A3 As cast.
35 Annealed 800°C, 1 hr.
40 Adld. annealed 1,000°C
3.84C, 1.98 8i,0.06 Mp, 0.018........... 43 As cast.
52 Annealed 800°C, 1 hr.

1Results by H. Masumoto (1927) at 25°C.

CARBON STEELS (Cont’d)

Curve Composition (%) Remarks Reference

Fig. 24; Mild. .{ 0.14 C, 0.08 5i, 0.07 Mn. . .| “Mild steel”; heated { J. de Nobel
to 800°C and fur- (1951).
nace-cooled.

. 23; 0.33 Mn, 0.18 C, 0014 8i..|......oeoeuinnan.n. R- W. Powers,
. %.J.- J. B. Ziegler,
SAE 1020. H. L. Johoston
(1951a).
. 23; 093C, 034 Mn, 026 Si, |.................... Do.
. 2.3~ 0.1 Nj, Cr, 0.05 Mo.
SAE 1085.

CARBON STEELS (Cont’d)
COMPANY AND TRADE MANUAILS

Compasition (%) Conductivity

w/ecm deg K
0.08 C, 0.045 Cr, 0.07 Ni, 0.31 Mp, 0.02 Mo 0.59
0.23 C, trace Cr, 0.074 Nj, 0.635 Mn, 0.13 Cu 52
0.415 C, trace Cx, 0.083 Ni, 0.643 Mn, 0.12 Cu 53
0.80 C, 0.1 Cr, 0.13 Ni, 0.32 Mn, 0.07 Cu, 0. 49
1.22 C, 0.11 Cr, 0.13 Ni, 0.35 Mn, 0.01 Mo, 45
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Specific references can be found under the type of steel.
SILICON STEELS CORROSION RESISTING STEELS (Cont'd)
Composition (%) Conductivity and remarks Reference Curve Cormposition (%) Remarks Reference
w/em deg K Fig. 24; 2% { 1.92 Ni, 0.72 Mg, 0.31 8i, | Heated to 800°C and { J. de Nobel
R I PPy furnace-cooled. (1951).
0.28i,01C,0.1|k=060at18C..............ooovennnnnn. W. Jaeger and
Mp, traceof P, S, H. Diesselbhorst 24%Ni...... 24.30 Ni, 6.05 Mn, 1.18 C. .| Heated $01,00°Cand De.
and Cu. (1900). n@er-quenched
% Ni...... 27.30 Ni, 14.6 Cr, 3.5 W, | Heated to 1,000°C and Do.
16281,1.34Mn,0440 wmAuem:hed
CORROSF)N RESISTING STEELS 31% Ni...... 31.4 Nj, 0.82 Mn, 0.7 C...| Heated to 800°C and Do.
(Copper, chromium, cobalt, manganese, molybed~ furnace-cooled. Do.
num, nickel, tungsten, and vanadium) 36% Ni...... 317,092 M0, 016, | Heated o L060Cand | Do
0.00 8. water-quenched.
Curve Composition (7) Remarks Reference 5% Ni...... ¥13 Ni, 131 Mn, 034 C, | Asforgodi "AME.".| Do,
F:gé-zs; Kr. oes'M 40,03 $,003 |............oo..L. J.Ilé.ugzehgl;nd 2% Ma. ..... 2.23 Mn, 0.41 G, 007 8i. .| Heated to 800°C and Do
(1939). furnace-cooled.
............. “Seainless” . ... ... | k=7 . ilkinson 13% Mn, 1%, | 12.69 Mn, 1.27 C, 0.12 §i. .| Heatedt02,000°Cand Do.
8 at 1“3"'1’(/.“?1 ?iglg' K“;R.d JW Wi 3@, ’ water-quenched, Do.
K, 15 st 20°K. (1948). 'manganese steel”.
13%Ma..... 12.95 Mn, 0.10 8, 0.12 Si, | Heated 0 1,000°Cand Do.
09 C, 0.05 P. water-quenched.
39% M. .... 388.9 Mo, %7 8,02C,006 |..... do-..vevnnnnnn. Do.
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Specific references can be found under the type of steel.
CORROSION RESISTING STEELS (Cont’d) CORROSION RESISTING STEELS (Cont’d)
Curve Composition (%) Remarks Reference Curve Composition (%) Remarks Reference
13%Cr...... 135 Cr, 0.36 C, 0.22 Si, | Heated to 800°C and | J. de Nobel PZJ.-347....{ 1788 Cr, 1028 Ni, 1.24 |.................... R. W. Powers,
0.13 Mp. furnace-cooled. (1951). Mn, 0.85 Nb, 0.57 Si, J. B. Ziegler,
0.26 Cu, 0.06 C, 0.03 N, and H. L.
13%C, |.... do......ocivnuannt Heated to 950°C, oil Do. 0.02 P. Johnston
quzneiled. qt reheated Do. (1951a).
to 450°C, air-
cooled. P.7.J.-304...| 18.68Cr,8.84Ni, 1.12Mn, |.................... Do.
0.43 8t, 0.06 Cu, 0.05 C,
19%Cr...... 18.8 Cr, 8.1 Ni, 0.43 8i, | Heated t01,150°Cand Do. 0.03 N, 0.02 P
024 Mn, 9.12C. water-quenched.
Fig. 23; B.- | 7.9 Ni, 180 Cr, 1 T}, 0.7 { Austenite grains | R, Berman
3%Ni....... 2.61 Ni, 0.75 Mo, 0.49 Cr, | Heated to 850°C, oil- Do. Stainless. 8i,0.1C. about 0.01 mm (1951b).
0.45 Mn, 0.27 C, 0.11 8i, quel reheated across.
0.03 P, 0.01 8, to 650°C, water-
quenched. Fii. 23; Es. | 18Cr,9Ni, 005C.......1.................... 1. Estermann and
1.-303. J. E. Zimmer-
Fii. 23; 099 Cr,052Mp, 033C, |.................... R. W. Powers, man (1952).
.Z.J.-SAE 0.2 81, Ni, and Mo eac J. B. Ziegler,
4130. and H. L. Es.2i.-347. ...} 18Cr,10Ni,0.5Nb,0.08C.{.................... Do.
(1951a). T.W.-318.....| 17 Cr, 12 Ni, 2.6 Mo, 0.1 C.| 25% cold reduction. . W.AWéT%ﬁ::d
P.Z.J410...| 126 Cr, 0 032 Mn, [.............eo...n. Do. (1952).
0.12 i, 0.09 C, 0.06 Cu,
N, 0.01 P.
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CORROSION RESISTING STEELS (Cont'd)
OCOMPANY AND TRADE MANUALS

NICKEL ALLOYS

OOMPANY AND TRADE MANUALS

Trade Nominal composition (%) Conductivity
Desigonation

w/em deg K

99.4 Ni+Co, 0.2 Mn, .15Fe, 1Cu, .1 C. ... .. 0.61

5N, 45Mo. ... ... 48

67 Ni, 30 Cu, 1.4 Fe, 1 Mn, 0.15C, .18i...... 26

66 Ni, 29 Cu, 2.75 AL, 0.9 Fe, 75Mn, 5b1 A5C. 19

57 Nl, 20 Mo, 20 Fe. ... 17

62 N1, 30Mo, 5Fe... . ........ 11

58 Ni, 17 Mo, 15Cr, 5 W, 5 Fe. . A3

B5Nj,108,3Cu............. 21

80 Nij, 14Cr,8Fe................ REY

.1 58 Ni, 22 Cr, 6 Cu, Mo, Fe each. .. 12

8ONi,20Ce..................... .56

60Ni, 24 Fe,16Cr............. 14

35 Ni, 50 Fe, 15Cr.... ....... 13

AENLBECu oo on 23

AIBI No. Nominal composition (%) Conductivity
w/cm deg K
........... 0.08 C, .045 Cr, .07 Ni, .31 Mn, 02 Mo... ......... 0.59
........... 0.23 C, trace Cr, .074 Ni, .636 Mn, .13Cu........ .. 52
........... 0.415 G, trace Cr, .083 Ni, .643 Mn, .12 Cu. ... 52
........... 0.325 C' .17 Cr, 3.47 Ni, 0.55 Mn, .09 Cu, .04 Mo. . .. 3
........... 0.34 C, 0.78 Cr, 3.53 Ni, 0.55 Mn, .39 Mo, .05 Cu. 33
........... 0.315C, 1.09 Cr, 0.073 Nj, .60 Mn, 012Mo 07Cu... 48
........... 0.35 C, .88 Cr, .26 Ni, .89 Mn, .2 Mo, .13 Cu...... . 43
........... 5(}05\“ 3
........... 1.22 C, 0.03 Cr, .07 Ni, 13.0 Mn, 0.22 8i, .07 Cu. a3
.......... 0.28 C, trace Cr, 28.37 Ni, 0.88 Mn,.15 Si, .03 Cu . 13
........... o.ogacc.‘l 19.11 Cr, 8.14 Ni, 0.37 Mn, .68 Si, 6 W, 16
........... o.igl(b 12.95 Cr, 0.14 Ni, .25 Mn, .17 8i, .08 Cy, 27
........... 0.27 C, 13.69 Cr, 0.21 Ni, .28 Mn, 25 W, .02V_ .. .. 28
........... 0.715 G, 4.28 Cr, 0.067 Nl 25 Mn, 18.45 w 108V 25
302 ] 014C, 18Cr, 9 Ni 22
303 | 0.15C,18Cr, 9 Ni 22
300 {020C 23Cr, 19
410 | 015C 125 Cr 40
416 | 015 C, 13 Cr, 0.07 P, 'S, Se each, .6 Zr, Mo each 40
420 0.15 C or more, 33
430 012C 16Cr................ 30
40 | o07C 110, 25
........... ON3SNL ... 13
DEOXIDIZED STEELS
(Aluminum)

Curve Composition (%) Remarks Reference

Fig.24;4% AL.{ 4.11 Al 0.13 Si, 0.08 Mn, | Heated to 800°C and | J. de Nobel
0.03 C, 0.01 S. furnace-cooled. (1951).
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NICKEL ALIOYS (Cont’d) NICKEL ALLOYS (Cont’d)
Cuzve Composition (%) Cooductivity and Reference Curve Composition (%) Conductivity and Reference
w/cm deg K w/cm deg K
............. 97,0 Ni, 1.4 Co, 1 Mn, 0.4 | k=059 at 18°C.....| W. Jaeger and veerieennsn..] Commercial; 9.4 Ni... ... Seel:EBlndNickel J. de Nobel
e. H. Diesselhorst T under “Me- (1951).
(1900). tallic Elements”.
............. 80 Ni, 20 Cr! “nichrome”™. .| k=0.31 above room | R. Kikuchi N.-Monel.....! 87 Ni,302Cu...........| Asforged........... Do.
temperature. (1932). .
. 24; 87% | 57.5 Ni, 1.31 Mn, 0.34 C, | Asforged........... Do.
............. TONi, 18 Cr, 12 Fe.......| £=0.28 above room Do. i .14 8i; remainder Fe, ap-
temperature. prox. 40.

Fig. 25; Kr. | 60N;, 15Cr, 16 Fe,7Mo. .|.................... J. Karweil and Fig. 25; Es. | Inconel.................. Harddrawn. ....... 1. Estermann and
§c.-Contr- K. Schitfer i.-Inconel J. E. Zimmer-
acid. (1939). (drawn). man (1952).

P.2.J.-Inco- | ONi, M4Cr,8Fe........|.ccceeiiiiiis, R. W. Powers, Es. Zi~Inco- }.....do.................. Annealed. .......... Do.
nel. J. B. Ziegler, nel, #1.

and H. L.
Johnston Es. Zi.-Inco- |..... do......ooviiinann Hot-rolled. ......... Do.
(1951¢). nel, #2.

P.2.J.-Contr- | 60.05 N'; 1474 Cr, 1582 |. ..ol Do. Es.Zi.-Monel. Do.

acid. Fe, 72 Mo, 2.14 Mn,
0.05 C. Ea.Zi.-M Do.
(annealed).
P.Z.J.Monel.| 67 Ni, 30 Cuy, 1.4 Fe, 1.0 | Hot-rolled.......... Do.
Mn, 0.15C, .18, 018.
Pfi.l-umel, ..... 4o, iieiiiiiiie Cold-rolled . . ....... Do.
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PRECIOUS METAL ALILOYS PALLADIUM ALLOYS (Cont’d)
See also the tables given under “SILVER ALLOYS”
and “GOLD ALLOYS”. Compoasition (%) Conductivity and remarks Reference
PALLADIUM ALLOYS w/em deg K
Componition (%) Conductivity and remarks Reference Commercial. .. .... k=042a417°C.......coovrienninnnnn, T. Barratt and
R. M. Winter
(1925).
w/cm deg K .
85.5 Pd, 14.5 Cu. ..| Polyerystalline; see Fig. 26, “Pd-15% Cu”...| E.Griineisen and
90OPd, 10Ag...... k=048at25°C.........cooivniinnnnna.. F. A. Schulse H. Reddemann
ast1). (1834).
0PI, 204g. ..... A=0378825°C.oonoeneeneeeannnnnnn, Do. 50P4,50 Cu...... Annealed; see Fig. 26, “Pd-50% Cu". .. .... Da.
70Pd, 30 Ag. ..... k=032 8628°C..oenineeseanaennn., Do. 55 Pd, 45 Au. ... Anne:sl‘e;l 2 br. at 800°C; see Fig. 26, “Pd- Do.
u .
60Pd, 40 Ag...... k=027 8 28°C.ooeaeeeaeeaan.., Deo. °
50Pd, 60 Ag...... k=032 at 25°C.. Do.
9P, 104q...... km0B28425°C. .o Do. PLATINUM ALLOYS
%P, 20 Au...... k=0422825°C..........oi Do. “Impure”. ........ k=05163t18°C..................o...l. W. Jaeger and
0Pd, 0 4. ..... k=040a425°C........ocvveennnn. .. Do. agmetborst
80 Pd, 40 Au...... k=038a425°C...............ooeiill, Do. 9P 10Pd....... k=043t 25°C....oeiniiaen .. F. A. Schulse
50Pd, 50 Au...... k=036 88 25°C. ..oooeeeeeeeeaei . Do. asin.
WPLI0P....... K056 at 35°C., . Do SOPL20Pd....... k=042t 25°C............oeeneann Do.
S0P, 0Pt....... k=0A4a428C.....ooeeeeeeeee Do. 0PLOP........ k=038at25°C....... ..., Do.
70 Pd, 30 Pt....... kmQAOREIEC. oo Do. GOPL4OPd....... k=034at26°C......o Do.
00Pd 40P....... KmOIBabIEC. oo Do 50PL,50Pd....... k=378t 25°C. . oooeeeneieiaaann. Do.
S0P, 50P....... k=03Tab2°C. ..., Do.




PLATINUM ALLOYS (Cont’d)

OCOPPER ALLOYS (Cont'd)

Composition (%) Conductivity and remarks Reference Curve Composition (%) Cooductivity and remarks Reference
w/em deg K w/em de; K
P, 10I....... k=031a417°C............... L T. Barrats and Eu. Di.-Cu- | 70 Cy, 30 Mn........ About 48 crystals per cen-| A. Eucken and
R. M. Winter %» Ma, timeter. K. Dittri
(1928). (1927).
8Pt 15Ir....... k=023a817°C..... ... Do. Eu. Di.-Cu- |..... do.............. About 112 crystals per Do.
50% Mn, centimeter.
0PL0Ir....... k=018t 17°C.............. ...l Da. 2.
P 10RA...... k=0308417°C.................ll Do. 34 Untnneﬂezdl; k=357 st | E. granm and
b . .
90 atomic 4 Ah=048at18°C.......................... C. H. Johansson .
e o A and J. O. Linde (1927)
a1es0. do.............. Annealed 3 hr at 300°C; De.
k=408 at 83°K, 6.19 at
90atomic % Pt, 10 | A=038a18°C......... ...l Do. 21°K.
shamio % Au. Fig. 37; G. | 95.5Cu, 45 A Polyerystalli E. Griineisen and
ig. 27; G. . SAu...... olye ne; unan- 3
78 atomic % P4, 36 | k=024t 18°C.......................... Do. Re. 49 nealed, " H. Reddemann
atomic % Au. Au. (1934).
55 atomic 7 Pt 48 | A=021a818°C....................oceel Do. G. Re.-10% | 0.3 Cu, 9.7 Au...... Polycrystalline; unan- Do.
atomic % Au. Au. nealed.
............ 75.1 Cu, 24.9 Au. ....| Quenched from 800°C; Do.
k=0.34 at 83°K.
OOPPER ALLOYS | oo, Anpealed 20 br ot 400°C; | Do
See also the “COPPER-NICKEL ALLOY” graph and k=061 at 83°K.
and tables. ] doreeeennn. Annealed 32 br 8t 360°C; | Do
k=0.63 at 83°K.
Curve Composition (%) Conductivity and remarks Reference ... do.............. Same as above except later Do.
kR
n quenched; k =0.!
w/emdeg X g
"""""" About 82 Cu, 16 Ni, | “Newilber”; k=020 at | L Lorena (1881 G po.2595{.....do..............| Samosssboveexceptlater | Do,
Au. an 5 months at
............ About 82 Cu, 18 Zn...| “Red bras”; k=1.03 at Do. room temperature.
rC. G.ARo.-ﬂs% ..... do.............. Su:;::l a8 above except a;i& Do.
" "o g — 4, an- itionally annealed
............ About 65 Cu, 35 Zn. .. Y-etll&'wc.brm ; k=0.85 Do. Ld b ae 320°C.
............ 034P..............| k=0954415°C..........| A. Rietasch G. BRe.-Cu- | 490 Cu, §0.1 Au.....| Annealed 30 brat 320°C. .. Do.
(1900). 50% Au.
k=061at15°C.......... Do. Gﬁ.-%“- 499Cu, 501 Pd. ...| Aonealed................ Do.
0
k=083 8¢ I5°C. ... Do. G.Re.-6% | 936 Cu, 84 Pd. ..... Polycrystalline; unsn-|  Do.
k=034a8 15°C.......... Do. nealed.
k=027 15°C.......... Do.  ereeeeeienns 85Co, 45Pd........ Annealed; k=0.67 at 83°K. Do.
k=016t 15°C.......... Do. G. Re.-48% |..... do.............. Annealed 2 hr at 800°C. ... Do.
k=1148t15C.......... Do. G. Re48% |.....d0ceveeeenene... Further annealed 30 brat | Do,
k=082a8 15°C.......... Do. P Sn- 320°C.
.| k=054 at 15°C.... .. Do.
k=054at15°C.......... Do. PP
k=020at15°C.......... De. co ¥s (Cont’d)
............ 85.7 7.15 Zn, 6.30 | “Red bram™; k=0.60 at | W. J and Composition 1 Conductivity !
TS e 18°C. . Dieaselborst position (%) uetivity
............ 84 Cu, 13 Mn, 4 Ni....| k=023 a4 18°C w/omdog K
99.986 Cu, 0.0016 Fe, .02 393
. 37; L-170C0,30Zn.........0..cccciiiiiiiiiiiiiaaeaa, 99.80 Cu, 0.19 S, .02 Fe.-. 213 ¢
rans. 99.78 Cu, 0.23 8i, .02 Fe.. 192 3
, 99.65 Cu, 0.32 8, .033 Fe. 165
. 37; L.- | 62 Cu, 22 Zn, 15 Ni...| “German silver’ 99.53 Cu, 0.45 Si, .03 Fe.. 1208
: fix ol onten o
X .05 Fe
L-Plat...... Approx. same a3 | “Platinoid”.............. Do. 96.00 Cu, 3.91 8i, 0.02 Fe. 034 2
L-Manganin.| 84 12 Mo, 4 Ni...| “Manganine”. . .......... Do. 1 Theae values were determined by C. 8. Smith (1935) at 20°C. Sometimes the com-
azz:mz: “Rod beass™; “fine” A. Eacken and ! ! s 2dd @ to maro thas 100.
--------------------- ; 1The ilicon alloys were hot-rolled, cold-drawn and annealed at 700°C and
tals; k=127 at 27% 0. Neumann m i
0.60 a8 K. (1934). woere in the a solid solution.
................. do..ceniininnnn. " “Iarge” Do.
tals; k=130 ot 27
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COPPER ALLOYS (Cont'd) COPPER ALLOYS (Cont’'d)
Composition (%) ! Conductivity ! Composition (%) ! Conductivity * State !
w/cm deg K w/cm deg K
9995Cu, 007 AL 01 Fe.............ooiviiiiiiiiiianann, 3.52 2 99.986 Cu, 0.002 Fe, 020s................... 394 2
99.77Cu, 022 AL 01 Fe........ ... ... ... ... ... 291 2 66.24 Cu, 33.72 Zn, 0.03 Pb .01 Fe, 001 S..... 1.20 2
9947 Cu, 047 AL 02 Fe. ... ... .. .. ... 235 96.94 Cu, 3.04 Zn, 0.02 F 268 3
9920 Cu, 071 AL 09 Fe............. ..., 1.76 2 95.21 Cu, 4.77 Zn, 242 2
98.08Cu, 1.89AL 003 Fe............................oll 1.23 2 97.49 Cu, 0.06 l"e, R 0.86 2 Quenched.
9525Cu, 461 ALOJ4PFe. ... .. ... .. ... ... 083 2 97.49 Cu, 0.06 Fe, . 1.03 ¢ Reheated.
92156Cu, 772 AL 013 Fe. ... ... 072 2 97.49 Cu 0.06 Fe, .. 074 2 Quenched, cold-
9056 Cu, 937 ALO0O7 Fe. ... ... ... ... .ccoiiiiiiiiiiann.. 0.65 2 drawn.
8988Cu,990AL022Fe. ... ... ... ... ..., 0.66 2 97.49 Cu, 0.06 Fe, 27 N 0.82 2 Reheated.
87.76 Cu, 12.15 AL, 0.09 Fe. . . .. 0.54 2 85.10 Cu, 12.97 Zn 1.88 1.60 2
99.94 Cu, 0.07 Mn, .01 Fe, .02 M 362 3 61.85 Cu, 34.79 An 3.29 Pb, 108 ?
99.88 Cu, 0.14 Mn, .01 Fe, .01 Mg 328 3 65.99 (Al, 29.18 Zn 4.02 Pb 1.11 2
99.56 Cu, 0.43 Mn, .01 Fe, .01 Mg 226 3 88.07 Cu, 3.70 Zn, 377 Sn, 3. .. 0.90 2
89.05 Cu, 1.05 Mn, 0.01 Fe, .01 Mg 1.50 3 88.08 Cu, 4.09 Zn, 3. 76 Sn, 3. P. 0.56 2
08.27 Cu, 1.77 Mn, 0.03 Fe, .01 Mg 102 3 60.41 Cu, 37. 090! 1.03 Sn, 112 Pb, 0.02 Fe .18 1.00 2 Chill-cast.
95.34 Cu, 4.55 Mn, 0.06 Fe, .02 Mg...... 0.49 3 Al, .21 8i.
90.25 Cu, 9.53 Mn 0.18 Fe, .02 Mg, .021 .. 0.26 3 56. o1 Cu, 25.93 Zn, 0.18 mn, 17.95 Ni, 0.08 Fe, 0.30
80.03 Cu, 1982Mn.009Fe .02 Mg, 035C. . 0.15 3 02 C.
63768“ 1979%n 0.18 Mn, 16.29 Ni, 0.14 Fe.. 342
1 2
1 These values were determined by C. S. Smnth (1935) at 20°C. Sometimes the com- 65(5): o 23.86 Zn, 0.18 Mn, 10.36 Ni, 008 Fe, 48
pasition percentages add up to more than 1 59.76 Cu, 29.88 Zn, 0.15 Mn, 10.13 Ni, 0.04 Fe, 42 2
2 The copper-aluminum alloys were rolled and annealed at 700°C and were in the o 04 Mg.
solid solution (except the 129, Al, wlnch was §). 64.04 Cu, 30.50 Zn, 5.41 Ni, 005 Fe........... 59 2
idised with mag

3 The copper-manganese alloys were d
at 700°C.

, bot-rolled, and an-

! These valucs were d_etA'rmincd by C. S. Smith (1935) at 20°C. Sometimes the com-

position pereentages add up to more than 100

2 The miscellancous alloys were extensively worked, annealed, and slov .y cooled

except where noted.
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OOPPER ALLOYS (Cont'd)
COMPANY AND TRADE MANUAILS
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and slowly cooled

Reference

E. Mendosa

(1948).
R. Berman
(1961b).

at 20°C. Sometimes the com-

COPPER ALLOYS (Cont’d)
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C. 8. Smith (1936)

“Neusilbes”. . ...........

; date fits | J. F. Allen and

equation k=5.3)10"¢

T3,

was 0.02 mm.

OCOPPER ALLOYS (Cont'd)

add up to more than 110,

Composition (%)

9.8 | “German silver

Fe,

41 Zn, 9 Nj, 2 | Mran diameter of crystals

oy

7

2 The miscellancous alloys were extensively worked, annealed,

' Thewe values were determined by
except where noted.

position percentages

Curve

silv.
. 27; Kr. | 46 Cu, 41 Zn, 13 Ni. ..
ﬁga.émue»

l’isﬂ; Kr. | 64Cy, 20Zn, I6Ni. ..
-Ger.

e

Ger. ailv.
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COPPER ALIOYS (Cont'd)

COMPANY AND TRADE MANUALS
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TEMPERATURE , K
COPPER ALLOYS (Cont'd) COPPER-NICKEL ALLOYS
COMPANY AND TRADE MANUALS See also the “COPPER ALLOY"” graph and tables.
Name Nominal Composition (%) | Conductivity State Curve Compasition (%) Conductivity and remarks Reference
" _ w/cm deg K w/cm deg K
Beryltium Coppers:

Beryllium copper.. ... 97 Cu, 2 Be, 025 Co....... 0.84 Solution  ............ About 62 Cv, 22 Zn, | “Neusitber”; k=0.29 at | L. Lorens
treated, 15 Ni. 0°C. (1881).
quenched.

1.05 Asabove . .._........ 60 Cu, 40 Ni......... “Constantan”; k=0.23 at | W. Jaeger and
plus 18°C. H. Diesselhorst
chemically (1900).
hardened.

0.84 Asabove ... ........ 54Cuy, 46 Ni......... k=021at18°C.......... E. Griineisen
plus cold- (1900).

0.75 Solution Fig. 27; L.~ | 62 Cu, 22 Zn, 15 Ni...| “German silver”......... C. H. Lees
treated, Ger. gilv. (1908).

H ehcmimg;y

?x‘:lfim:h R L.Plat...... Approx.same asabove.| “Platinoid”.............. Do.
rolled. ............ ‘0Cu,40Ni......... “Eurcka” or constantan; | T. Barratt and

Beryllium alloy 25. ..| 2 Be, 0.3 Co, balance Cu... 121 k=021 at 17°C. R. M. Winter

Beryllium alloy 165...! 1.7 Be, 0.3 Co, balance Cu. . 121 (1925).

Beryllium alloy 10....| 0.5 Be, 2.4 Co, balance Cu. . 2.26

Beryllium alloy 50....{ 0.4 Be, 1.55 Co, 1.0 Ag, bal- 2.22 Fig. 28; Eu. | 60Cy, 40 Ni......... 51 crystals per cm; also | A. Eucken and

ance Cu. Di.-con- measured samples with K. Dittrich

Beryllium alloy 20C. .| 2.1 Be, 0.5 Co, balance Cu. . 1.05 stantan. other crystal sise. (1927).

Beryllium alloy 275C .| 2.7 Be, 0.5 Co, balance Cu. . 0.96 . .

Beryllium alloy 10C. .| 0.6 Be, 2.5 Co, balance Cu. . 213 INi......ooeeaanne. k=150 at 83°K, 0.62 at | E. Griineisen and

21°K. E. Goens
(1927).
Fig. 27; Kr. | 64 Cu, 16 Ni, 20 Zn. .| “Neusilber™............. J. Karweil and
Se.-Ger. K. Schifer
silv. (1939).
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COPPER-NICKEL ALLOYS (Cont’d)

COPPER-NICKEL ALLOYS (Cont'd)

COMPANY AND TRADE MANUALS
Curve Compasition (%) Conductivity and remarks Ref
Name Nominal composition (%) Conductivity
w/em deg K
Pyl | SRS | TR | e v
a.-uer 1, & U, N equation = Q. N enqosa
ily. . . s, ) Cupro-nicke! 30% 70Cu,30Ni.......... 0.29
e a1, | Nt v SESROE | BECAN e
............ , .| “Nickel-silver”; k = 285. ickel silver u, 18 Ni, n.. .
63 Cu, 0 Ni, 17 Zn nl,'/cm deg at 13"]{.’3 KR Jw%:ﬂ?n Nickel silver 18‘72-B 55 Cu, 18 Nn 27 Zn 0.25
485 at 15°K, 71.1 at (1949) Nickel silver 16%,. . .| 66 Cu, 15 Ni, 19 Zn. . ... ... 10010 0.36
20°K. Constantan. ........ 55Cu, 45 Ni............................ 0.23
myedbr‘?n):el ....... % gu. ?(6) gl, ?ng 45P1§b438§ﬁ ........... 82@’
............ 70 RTINS I ickel”; k=20. 3 nickel brass. . u, b, n, .
Cu. S0 Ni C:lmcfie at lg‘ng, Do Leaded nickel silver | 85 Cu, 12 Ni, 20.7 Zn, 2 Pb, 0.3 Mo ...... 0.40
35.86 at 15°K, 50.23 at 12%.
20°K.
F%.Z.f S5Cu, BNi......... ... R W. PlzJ_wen,
’ ad SILVER ALLOYS
(1951¢). Curve C ition (%) | Conductivity and remarks Reference
F‘iﬁ?ﬁr 80Cy,20Ni......... Also obtained k=127 mw/ | J. K. Hulm
G em deg at 20.9°K and | (1951). w/em deg K
zo% Ni. 79.9 at 16.3°K. 2
. 28;B.- | 80Cu, ONi.........|..... R Berman ettt 90 Ag, 10Pd.......... k=1418t25°C. ... A Schulse
onshn- (1951b). (1911)
............ 80 Ag, 20Pd.........] k=084at25°C.......... Do.
Ff b" @/ Qu, 4120, 9 Ni, 2| Mean diameter of erystals |~ Do. | 048, 30Pd......... k=057t 26°C........... Do.
............ 60 Ag, 40Pd....... .| k=045at25°C.......... Do.
. 37; Bs. | 90Cu, 10Ni......... Two samples which were | I. Estermann
LT O amples which e | Ly TAt e 50Ag, 0Pd......... k=0328t25C.......... Do.
mh crystal. Dpmemamn 9 Ag, 10Pt......... k=0982t25C.......... Do.
E.-Zi._c“._ ..... do ............. T'° nlmples which were DO. ............ 75 A&, 25 P‘ ......... k=0.38 at 25°C ......... DO-
10% N, coldworked. L 0A530R......... k=031at26°C........... Do.
............ 67 Ag,33Pt.........| k=030at25°C.......... Do.
. 26; 0963 Ag, 037 Au....|.........oiiii E. Griineisen and
OOPPER-NICKEL ALLOYS (Cont'd) .Re.- H.Reddemann
Ae04% (1934).
Composition (%) Conductivity *
G.zlgg - TAg, 25A0........ Single crystal. ........... Do.
u
v/om deg K - GR:A 50 Ag, 50 A Single crystal Do
.Re.- ,50 Au........| Singlecrystal............ X
99.73 Cu, 038 Ni, .01 Fe, 03Mg.............................. 322 11 7 Ag. °
99.47 Cu, 0.54 Ni, .02 Fe, .04 Mﬁ .......... 292 13
97.94 Cu, 1.97 Ni, 0.02 Fe, 04 Mg........ 172 12 Po.- 50 Ag, 15.5 Cu, 16.5 | “Easy-flo”"; lameannealed ;| R. L. Powell
9492 Cu, 5.09 le 001 Fe, 03Mg................... 100 12 er. Zn, 18 Cd. (1953).
89.90 Cu, 10.07 Ni, 0.02 Fe, .03 Mg, 02 C 062 1, ¢
84.85 Cu, 15.07 Ni, 0.05 Fe, .01 Mg, .03 Mn 047 » 2
1, 0. ‘e, . ) n L3
* GOLD ALLOYS
Composition (%) Conductivity State 90Au, 10Pd. ....... k=098at25°C.......... F. A Schule
w/emdegK | 80As,20Pd........ k=059t 25°C.......... Do.
033 13 k=0443t25°C.......... Do.
028 13 | Sand-cast. k=040at25°C.......... Do.
1,3 .
Ve ns | Runched k=0363425°C........... Do.
38 4y | Fumace-cooled k=0788825°C.......... Do.
028 1 k=041at25°C.......... Do.
hn‘\Th:he“lm were determined by agd 8. Smith, E. mealmer (1936) at 20°C. Some~  .---oeeonnn- 70Au, 0P ........ k=0.30at25°C.......... Do.
ea the composition percentages add up to more than 100. 60 Au, dOPY......... k=026at25C.......... Do.

"l'heteo per-nickel alloys were deoxidised with magnesium, cold-rolled, and an-
nealed af C.
3 The Miscellaneous alloys were extensively worked, annealed, and slowly cooled

except where noted.
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GOLD ALLOYS (Cont'd)

Curve Composition (%) Conductivity and remarks Reference
w/em deg K
............ 92 atomic ‘7 Au. k=0.80at 18°C......... .| C. H. Johansson
atomic % Pt. and J. O. Linde
(1930).

............ 8tAu, 16Pt.........] k=048at18°C.. .. ... .. Do.

............ 68 Au, 32Pt.........| k=023at18°C.......... Do.

........... 55Au, 5Pt ... .| k=021at 18C.......... Do.

Fig. 26; 50 Au, 50 Ag..... ... Single erystal . . ... ..., E. Griincisen and
G. Re.- H. Reddemann
Au-50% (19:34).

Ag.

G.Re.-Au- | 75A4,25Ag........ Single erystal . ........... Do.
25% Ag.

G.Re.-Au- | 73.7 Ay, 26.4 Cu. ... .| Polycrystalline........... Do.
269, Cu.

G.Re.-Au- [ 91 Ay, 8Cu......... Polycrystalline. .......... Do.
9% Cu

............ 50.1 Ay, 499 Cu.....| Quenched from 800°C; Do.

k=0.193 at 86°K.

................. do..............| Same as above except an- Do.

nealed 22 he at 360°C;
k=128 at 85°K.

................. do..............| Requenched from 800°C; Do.

k=023 at 83°K.

G.Re.-Au- ... .. do.............. Annealed 30 hr at 320°C. .. Do.
569,

G.Re.-Au- | 912 Ay, 88Pd...... Tempered at 800°C for 2 Do.
9% Pd hr.

............ 83 Au, 17Pd........{ Annealed 2 hr at 800°C; Do.

approx. same curve as
“Ag-25%, Au".
............ 69 Au, 25 Ag, 6 Pt....| £=0.53 at room tempera- | Trade Manual.
ture.
INDIUM, THALLIUM ALLOYS
............ 66 T, 34 Pb.........| Fora sample with “large” | A. Eucken and
crystals, £ =0.22 at 273° K. Dittrich
K, 0.13 at 80°K; for a (1927).
sample with “‘small”
crystals, k=0.23 at 273°
K, 0.14 at 80°K.

............ 67 Tt,34 Pbby atomic | Measured relative change | W. J. de Haas

percent. of thermal condactivity and H. Brem-

when the alloy became mer (1932).
superconductive.

Fi 29 29a; | 914 In, 86 Pb by |Became superconducting | H. Bremmer and

H-In' |  atomic percent. at 4.2°K. W. J. de Haas
9% Pb (1936).
Br.H.-Pb- | 50 In, 50 Pb by | Became superconducting Do.
509, In. atomic percent. at 6.54°K.
FI%{ 29a; 90 In, 10 T1 by atomic | Single crystal; measured | J. K. Hulm
u-In- percent. both in the normal and (1952b).
10% TI. superconducting state;

trangition temperature
about 3.4°K.

ZINC ALLOYS

Trade
Designation

Nomiual compasition (%)

“Zamak-3"
“Zamak-5 ..
“Zamak-2” .. ...
Comm. rolled. .. ..
0. . ...
Rolled zine alloy,
“Zilloy-15"".

96 Zn, 4 Al,
95 Zn, 4 Al
93 Zn, 4 Al
49.8 Zn, 0.0/

0.4
1y
3Cu
8 Pb

Mg

Conductivity

99.8 Zn, 0.06 Pb, 0.06 Cd
98.7 Zn, | Cu, 0.0 Mg..

(-9

w/cm deg K

S

zessis

CADMIUM ALLOYS

Curve Composition (%) Remarks Reference
Fig. 29; 66.7Cd, 3338b. ... |. ... A. Eucken and
Eu. Ge.- (;. Gehlhoff
Cd-33% (1912).
Eu.Ge.-Cd- | 50Cd,508b.........|. ..o Do.
50% Sb.
MERCURY ALLOYS
Composition (%) Remarks Reference
98.8 Hg, 1.19 In. ...| Measured ratio of conductivitics in normal { J. K. Hulm
and superconducting states. (1950).
See also the graph and table under “Metal-
lic Elements”.
TIN ALLOYS
Curve Composition Remarks Reference
. 188, b. | Up ta 4%, mercury. . SeEMbleunderFxgp 18a,b, | J. K. Hulm
Fign P ta 4% mercury Motalte Blomonar | " (1650).
Da..... Up to 3% indium. ...|..... do.......ooiiiiin B. B. Goodman
(1953).
TIN ALLOYS (Cont'd)
COMPANY AND TRADE MANUALS
Name Nominal Composition (%) Conductivity
w/em deg K
Eu(ectlc soft solder. .| 63 Sn, 37 Pb 0.50
nfoil............ 928n, 8Zn....... 0.58
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LEAD ALLOYS LEAD ALLOYS (Cont’d)
Curve Composition (%) Remarks Reference Name Nominal composition (%) Conductivity
Fiﬁ 29; Br. | 56 Pb, 44 8n......... Not in solid solution. . . ... H. Bremmer and w/cm deg K
.-Pb- W. J. de Haas
4%, Sn. (1936). Corroding lead.......... 99.73be ........................... gg
............ 90 Pb, 10 Bi.........| Measured conductivity in | K. Mendelssohn  Hard lead y 031
intermediate state and and R. B, Pb, 0.29
as 3 function of mag- Pontius 0.27
netic field. (1937). 8%
Fig.20a; | 70Pb,308n......... Measured in normal and | K. Mendelssohn 037
M.0.-Pb- superconductive states. and J. L. Olsen 0.46
30% Sn. (1950a). 8.;:
Fig. 29; 999 Pb,01Bi.......|......ii Do.
M. O0.-Pb-
0.1% Bi.
M.0Q.-Pb- 90Pb, 10Bi....... .| Note that the thermal con- Do.
10% Bi duetivity in the super-
conductive state was
higher than in the nor-
state.
M. 0.-Pb- 998Pb,02Bi....... Measured in normal and | K. Mendelssohn
0.2% Bi superconductive states. and J. L. Olsen
(1950¢).
M. 0.-Pb- 99.5Pb 058Bi.......|..... [ S Do.
0.5% Bi.
.298;0.- | 70Pb, 30Bi. ... ... ..]..... - J. L. Olscn
Fb-30% (1952).
i
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Curve Composition (%) Remarks Reference Curve Compcsition (%) Remarks Re erenee

C. H. Lees Fig. 29; Bu. | 808Sb, 50 Cd.........J-cceiveiii i A. Eucken and
(1908). e.-Cd- G. Gehlhoff

509% Sb. (1912).

Ge.Ne.-Bi- { 50,Bi, 508b.........].....coiiiiiiiiiill G._Gehlhoff and
50% Sb. F. Neumeier Eu.Ge.-Sb- | 51.78b,483Cd......|. ..ol Do.
(1913). 48%, Cd.
Ge.Ne.-Bi- | 80Bi,208b.........|.....cooooiiiis Do. Eu. ge.é‘sib. 66.7 8b,33.3Cd...... “Very hard”............. De.

o Sb. 33% Cd.

Fig. 29; L.- | 50Bi, 25 Pb, 14 Sn, 11 | “Lipowits alloy”. .......
Lip. Cd.

Ge.Ne-Bi- | 87Bi, 138b.........]..cooiriiiiiin Do. Ge.Ne.-Sb- | 708b,30Bi.........|..cceieeeiiininiiit G. Gehlhoff and
13% 8b. 30% Bi. F. Neumeier

(1913a).
Ge.Ne.-Bi- | 89Bi, 118b......... ...cooiiiiiii Do. .
11% Sb. Ge.Ne.-Bi- { 508b, 50 Bi.........]ccociieiiiiieniiianin, Do.
50% Sb

Ge. Ne.-Bi- [ 8185, 98b..........|oceeeeiiiinn. Do. oe
% Sb.
Fiﬁ 20, 29a; | 50Bi,256 Pb,255n....| “Rose’s metal”........... H. Bremmer and
- Haas

r. H W. J. de
(1936).




2.4. Dielectric Crystals

This section is not comprehensive but is representative of the dielectrics.
There have been few measurements on the conductivity of dielectrics at
low temperatures. However, three series of experiments especially worth
noting in this short summary are A. Eucken and G. Kuhn (1928), W. J. de
Haas and T. Biermasz (in late 1930’s), and R. Berman and others of the
Clarendon Laboratory at Oxford (1950’s).

The following miscellaneous dielectrics were measured by A. Eucken and G. Kuhn
(1928) (all percentages are mole percent):

Conductivit Conductivit
mw/cm deg mw/cm deg
Name Remarks Name Remarks
83° K 273° K 83° K 273° K
Marble....... tals, 99.9% CaCOa.. .. 42 33 25% KBr, Pressed at 8,000 atm. . ......... 46 33
Do....... 99.99% CaCOs................ 54 38 5% 1
Do...... Large crys BT 50 33 10% KBr, |..... do.....i e 80 50
Calcite....... Main crystal axis perpendicular 180 46 90%
to rod axis, 50% KCl, |..... do.... e 188 7
Deo... Main crystal axis parallel to rod 293 64 50% NaCl
KNOs........]..... do......... ... .. e 17 21
159 75 Mercuric  |..... do........c.oiiiiiia, 17 13
314 88 chloride.
402 92 NHCL. ......}..... do.......... oo, 109 25
343 92 NHBr.......J..... do.... ...l L 67 25
251 71 Ba(NO»z.....]..... do...... ... i, 33 13
180 63 OPPEE |eveiiiine it 29 21
343 84 ulfate
243 75 Magnesium |............ .. 00 it 25 25
92 sulfate.
402 96 Ki(FeCNe) . . .| oo it ee i iaaaes 17 17
92 38 Chromalum. .|.........cooiininvennnennnean. 13 21
50 25 Potasgium  |...........c it 13 21
121 29 alum.
234 71 Potassium Main crystal axis perpendicular 17 21
519 105 bichromate. to rod axis.
59 Do.......| Main crystal axis parallel to rod 17 17
29 21 axis.
50 29 'opaz........ Mineral. ..................... 234
Zincblend. ... .[..... P £ TR 63 264
29 21 ryll.. ... . ..., do........iiiiiiiie 88 84
Tourmaline . . JR . U+ TP 38 46
25 25
50% KCL
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Fig. 330_,13011; Curve S-1; artificial single crystal | R. Berman (1951).

Fig(.)a:io and | Inaddition to the two curves, they | W. J. de Haas and sapphire (corundum); 6 mm

3 obtained k=14.3 at 89° K. T. Biermasz long; diameter of 3 mm; at low-
H.Bz.-D. (1938). est temperature, k=2.7x1072T%;
main _crystal axis inclined 36°

B. S. Z.- D.-1.| Measured the “‘size effect’” in dia- { R. Berman, to rod axis.

mond crystals of square cross- F. E. Simon,
section. #1 was 3.9 mm wide, and J. M. Ziman Figs. 30, 30a; | Same crystal as above except 1.5 | R. Berman (1952).
#2was 3.1 mm wide, #3 was 1.7 (1953). B.- 8-2. mm diameter.

mm wide, #4 was 1.1 mm wide.
They used a type I stone. All Figs. 30, 32; | Sintered alumina; density 3.70 Do.
were several centimeters long. “Alumina”. g/cm? (95% of single crystal);

grain sizes about 5 to 30 microns.
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Figs. 31, 30a; | A single crystal with  principal axis { W. J. de Haas and
H. Bz. parallel to rod axis; 5 cm long, T. Biermasz
0.3 cm diameter. (1935).

A gingle crystal with rod axis per-
pendicular to principal crystal
axis and parallel to bisector of
two binary axes; diameter 0.216
cm.

Same as above, except diameter
0.454 cm.

Same rod as 2, except diameter
ground down to 0.359 cm.

Single crystal 5 cm long; square
croes-gection, 5 mm on a side;
rod length perpendicular to prin-
cipal axis; #1 was without neu.
tron irradiation; #2 was with 1
unit u'radxatlou #3, second ad-
ditional irradiation of 1.4 units;
#4, third additional irradiation
of 16.5 units. The “H” curves
were after heating as follows:
#1, 300°C for 8 hrs.; #2, 400°C
for 6 hrs.; #3, 500°C for 6 hrs.;
#4, 565°C for 6 hre.; #5, 540°C
for 60 hm #6, 540°C ior 677

600°C for 1 hr.; #8,
7003C for 6 hrs.

W. J. de Haas and
T. Biermasz
(1937).

W. J. de Haas and
T. Biermasz
(1938a)

W. J. de Haae and
T. Biermasz

(1938b).
R. Berman (1951).
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ig. 32; Measured a long potassium brc- | W. J. de Haas and
. Bz.~ mide crystal %rox 3 cm di- T. Biermasz I‘ﬁg 32-B Sintered; density 2.94 g/cm? (97% | R. Berman (1952).
KBr. ameter; the lower branch of the (1987). ‘Berylha" of smgle crystal); crystaﬁ.h
curve near 80°K is for a sample with dimensions between 10 and
with soldered contacts; the up- 40 microns; k=3.8 at 90°K.
per, amalgam contacts,
H. Bz.-KCl...| M d along potassium chlor- Do.

ide crystal o% SquUAare Croes-sec-
honthhamdeof0252cm

............. Measured the change in conduc- | W. J. de Haas and
tivity with change in crystal T. Biermasz
cross-section for several KCl1 (1938a).

c

l"i%5 32a; Bj.- | Measured the conductivity of { D. Bijl (1949).
rK Alam. chromium potassium alum used

in magnetic thermomet.rjv Fonnd
that the conductivit

on the rate of cooling of the
alum. Curve 1 was for the sam-
ple cooled most rapidly.

Fig. 32, Sl L P C. V. Simson
gl (1951).
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and J. Wilks

(1948).

D. Bijl (1949).

(1932).

R. W. B. Stephens
K. R. Wilkinson

Do.

R. Berman (1951).

DISORDERED DIELECTRICS
Composition

“Phoenix”’; boro-gilicate glass. . ...

Jena Gerate 20 glass, .. ..........

Jena 16 Il glass. .. .............
Monaxglass....................

. 7.5 mm
6 mm

r curve is for a
approx.
er curve,

with

r; low

diame!
diameter.

riz -
Vgl rod

Curve

.20.

33a;

3.

Fiﬁ

Figs. 33, 33a; | “Phoenix” glass.................
g.-Ph.

Bj.-J16 III. ..

Bj.-T...
Bj.-M...

B.-Per........
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